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Mesoporosity of Zeolite Y: Quantitative Three-Dimensional Study by
Image Analysis of Electron Tomograms**

Jovana Zecevi¢, Cedric J. Gommes, Heiner Friedrich, Petra E. de Jongh, and Krijn P. de Jong*

Zeolites are crystalline microporous materials used, for
example, as molecular sieves in separation and as solid
catalysts in a multitude of industrial processes.'! The
micropores provide beneficial activity and shape selectivity,
but can also set severe limitations on the diffusion of reactants
and products.! Thus, different strategies have been devel-
oped in order to facilitate molecular transport to and from the
active (micropore) sites. Essentially, most of the methods are
based on reducing the size of the microporous regions by
either the direct synthesis of smaller zeolite crystals (nano-
crystals)®% or by introducing mesopores (2-50 nm) through-
out the zeolite crystal, dividing it into smaller microporous
domains."™! This reduces the diffusion path length and
facilitates the mass transfer of molecules through the entire
zeolite crystal. Assessing the parameters of the microporous
domains and of the mesopore network is imperative for
understanding the reaction kinetics coupled to molecular
diffusion.['*

For many years, zeolite Y has been a leading catalyst in
industrial processes for oil refining and in petrochemistry, for
example for fluid catalytic cracking, hydrocracking, and
alkylation.™! Zeolite Y owes this eminent role to its acidic
nature, its crystalline structure composed of micropores (with
so-called super cages 1.2 nm in diameter), and its pronounced
stability under harsh reaction conditions. However, in the
case of oil cracking, the retention of product molecules within
the zeolite crystals caused by slow mass transfer through
micropores can lead to secondary cracking and thereby
formation of undesirable coke and gas products. Therefore, it
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is common practice to introduce mesopores in zeolite Y,
mainly by steaming and acid leaching,['*'® and more recently,
by additional base leaching."**! Mesoporosity is most
frequently characterized using N, physisorption, which pro-
vides micropore and mesopore volumes and pore size
distributions, while information on the shape of the meso-
pores, for example, cavity-like, ink-bottle-like, or channel-
like, can sometimes be inferred from the shape of the
physisorption isotherms.”!! However, the exact architecture
of the mesopore network (shape, connectivity, and three-
dimensional (3D) distribution of the mesopores) within
a single crystal remains unknown, especially when complex
mesopore networks, consisting of different types of pores, are
present. Transmission electron microscopy (TEM) visualizes
mesoporosity within a single crystal, but since the three-
dimensional pore morphology is overlapping in a two-dimen-
sional TEM micrograph, the obtained information is often
insufficient and perhaps misleading. The pioneering work of
A. H. Janssen et al.l”lin the field of electron tomography (ET
also referred to as 3D-TEM) in heterogeneous catalysis
provided a solution to this problem. They were able to
visualize the interior of the USY (UltraStable Y) zeolite
crystal and qualitatively described the shape and connectivity
of the mesopores in three dimensions. Following this study, U.
Ziesse et al.’? employed image processing to extract quanti-
tative information on the mesopore size distribution within
this reconstructed zeolite crystal. Other electron tomography
studies used image processing to also characterize the metal
particles in heterogeneous catalysts.[>2"]

Here we combine the power of electron tomography (ET)
with advanced image analysis operations to derive quantita-
tive detailed information on the mesopore network of an
industrially relevant mesoporous zeolite Y material. This
approach enables us to distinguish and quantify structural
characteristics of zeolite Y and its complex mesopore net-
work. Some of this information is not accessible by techniques
other than ET, such as the size distribution of the intact
microporous domains, which plays an important role in the
analysis of catalysis results.

For our study we used a commercially available steamed
and acid-leached zeolite Y (CBV760, Zeolyst), which was in
H-form and had a Si/Al ratio of 30, and is hence referred to as
HY30. Firstly, the porosity of the bulk HY30 sample was
examined using N, physisorption. The hysteresis loop in the
adsorption—desorption isotherms (Figure 1, inset) is ascribed
to capillary condensation effects and reveals the presence of
mesopores. At higher relative pressures (P/P,>0.8) the
adsorption and desorption branches of the isotherm are
nearly parallel, suggesting that the mesopores are mainly
open and channel-like. However, the sudden closure of the
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Figure 1. N, physisorption analysis of the HY30 sample. The inset
shows adsorption and desorption isotherms with a hysteresis loop
which is indicative of the presence of mesopores, while the sudden
closure at about 0.45 relative pressure implies that some of the
mesopores are blocked (“closed” and/or constricted). The Barrett—
Joyner—Halenda pore size distribution (PSD) derived from the desorp-
tion branch data (green) depicts a sharp peak at 4 nm, assigned to
blocked mesopores. Both desorption (green) and adsorption (black)
branches show a broad mesopore size distribution with a mean value
of roughly 20-30 nm.

hysteresis loop at P/P,=0.45 points to cavitation resulting
from the presence of blocked mesopores that can only be
accessed either through micropores (“closed” mesopores) or
through openings with a diameter of less than 4 nm (con-
stricted mesopores). Consequently, the pore size distribution
curve (PSD) derived from the desorption branch using the
Barrett-Joyner-Halenda (BJH) model exhibits a sharp peak
at about 4 nm, while this peak is absent in the PSD curve
derived from the adsorption branch (Figure 1). As there is no
evidence for mesopores 4 nm in diameter, this sharp peak is
ascribed instead to blocked mesopores and is used to calculate
their volume. The type of the blockage (“closed” or con-
stricted) and the size of those mesopores cannot, however, be
identified using the available models.**!

Furthermore, the adsorption branch shows a relatively
broad PSD, with a mean pore size of about 30 nm in diameter.
Another peak rising just above 2 nm in both the adsorption
and desorption PSD curves suggests the existence of very
small mesopores; however, determining their volume would
be unreliable because of the limitations of the BJH model.
Clearly, in the case of more complex pore networks such as
this one, N, physisorption fails to reveal important features of
the mesopore network, including the type and size of the
blocked mesopores, the shape of the channel-like mesopores
(straight or curved), and their interconnectivity and orienta-
tion within the zeolite crystal. Therefore, we have carried out
an electron tomography study which has met with great
success in visualizing mesopore networks in solid cata-
lysts.17:18]

Electron tomography (ET)?* is based on acquiring
multiple TEM images of an object from different directions,
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and using the information from all the TEM images to
calculate (by back-projection) a reconstruction of the object
(a 3D intensity map). The clear advantage of ET over
conventional TEM imaging is evident in Figure 2. The TEM
image of the zeolite crystal (Figure 2a) displays the meso-
pores as brighter features pervading the crystal, yet without
a clear indication of their shapes, sizes, and connectivity, since

Figure 2. Electron microscopy and electron tomography study of the
HY30 sample. a) TEM micrograph at a tilt angle of 31°, indicating the
presence of a complex mesopore network. b) A virtual slice from the
middle of the reconstructed volume obtained by electron tomography
clearly depicts the presence of channel-like mesopores distributed
throughout the crystal.

their 3D morphology is overlapping in the 2D image. A slice
taken from the middle of the 3D reconstruction of the same
particle (Figure 2b) clearly distinguishes channel-like meso-
pores (light gray) that are spread throughout the zeolite
crystal (dark gray) connecting inner microporous parts to the
outer surface. Detailed observation of the whole recon-
structed volume (Moviel in the Supporting Information)
reveals that most of the mesopore channels are intercon-
nected, with a few “closed” spherical mesopores also present.
Moreover, electron tomography exposes additional features,
such as an apparent preferential growth direction of the
mesopores within the crystal, as well as very small pores
(ca. 2 nm, also implied from N, physisorption). These findings
are unambiguously valuable for understanding the architec-
ture of the mesopore network; however, detailed quantifica-
tion of the visualized network is required. Manual segmenta-
tion and quantification of features of interest is labor
intensive and susceptible to errors and bias; hence automated
image processing is preferred when large data files such as 3D
reconstructions need to be processed.

The first step of image processing involved segmenting the
elements of interest from the 3D reconstructed volume, that
is, determining for each voxel whether it belongs to the
mesopore and background or to the microporous solid. This
was done by morphological filtering followed by thresholding,
which results in a binarized reconstruction from which the
mesopore networks were successfully isolated. The segmen-
tation algorithm was designed so as to preserve any feature of
the reconstruction with a size larger than 2 nm (see the
Supporting Information). An example of such a sequence of
operations followed by volume and isosurface rendering,
which enhance the features of interest and facilitate visual-
ization of the internal morphology, is shown in Movie 2 in the
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Supporting Information. The movies, as well as the presented
figures, depict one of the two HY30 crystals that were imaged
and analyzed, while the quantification results comprise data
from both crystals. More detailed information on the image
processing and a comparative study of two imaged crystals
can be found in the Supporting Information.

Based on the segmented reconstruction, we were able to
define and quantify the important properties of the mesopore
network with regard to its accessibility. Mesopores that are
accessible from the outer surface of the crystal through the
mesopore network (open mesopores) were distinguished
from the “closed” ones that can be reached only through
micropores. Figure 3a,b depict segmented mesopores of one
of two analyzed crystals, where, as can be visually inferred,
open porosity (green) dominates over “closed” porosity (red).
Moreover, the irregular shape of the mesopores, and hence

0 10 20 30 40 50
Pore diameter / nm —»
Figure 3. Accessibility of the mesopores described and quantified
using image processing. Volume-rendered 3D representations of the
open mesopores in green (a) and the “closed” mesopores in red (b)
visually suggest that an open type of porosity prevails. c) Pore size
distribution of open mesopores (white), constricted mesopores (gray),
and “closed” mesopores (black) defined as V,oe/Viou, Where V.
corresponds to the volume of considered types of mesopores and Vi,
to the total volume of the zeolite crystal.

the varying diameter, implies that some of the mesopores can
be reached from the outer surface only through narrower
openings, the width of which is referred to as the break-
through diameter (Figure S1 in the Supporting Information).
The latter notion enabled us to consider a second type of
blocked mesopores: we define a constricted pore as a meso-
pore having a breakthrough diameter less than 4 nm. In other
words, image processing enabled us to discern and measure
two types of blocked mesopores (“closed” and constricted),
which are indistinguishable and whose size cannot be resolved
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by the N, physisorption analysis. After the volumes and
diameters of above-defined mesopores (Figure 3c) were
determined, a direct comparison with N, physisorption results
becomes possible (Table 1).

Considering the fact that N, physisorption measures
porosity of a bulk sample (approximately 102 crystals)
while image analysis was performed on only two crystals,

Table 1: Comparison of the mesoporosity derived from image analysis
and that from N, physisorption.

Vmeso[a] vconstr[b] vclosed[C] Vblocked[d]
[%] [%] [%] [%]
Image analysis 9 6 12 18
N, physisorption 15 - - 22

[a] Percentage of total mesoporosity (V;..s,) Within zeolite crystals
defined as Vieso/ Viotar Where Vi ., represents the total volume of the
zeolite crystal. [b] Percentage of constricted type of mesopores defined
as Vonstr/ Vineso- [€] Percentage of “closed” mesopores defined as Vjyeeq/
Vineso- [d] Percentage of blocked mesopores defined as Vyjoced/ Vimesor
where Vyioced = Veonstr 1 Vetosed-

the obtained volume percentages were surprisingly similar,
which suggests homogeneity of the sample. The same holds
for the pore size distribution (Figure 3¢), from which it is
apparent that the imaged crystals have somewhat smaller
mesopore diameters compared to the bulk sample (Figure 1).
Interparticle porosity in the measured zeolite powder cannot
be excluded which would shift the PSD to larger diameters
and increase the pore volume.

The mass transfer efficiency of the mesopore network
greatly depends on how curved, that is, how tortuous the
mesopore channels are.’!! The tortuosity can be quantified by
comparing the following two distances defined for any given
point in the pore space (Figure 4). The first is the straight-line
or Euclidean distance Ly to the surface of the crystal; the
second is the length of the shortest path within the mesopore
space that connects the point to the surface. The latter length
is referred to as the geodesic distance L. Figure 4 c compares
systematically L to L for all mesopore voxels of the two
reconstructions. The slope of this line represents the tortuos-
ity of the mesopore space, which is 1.3 for HY30 zeolite. This
tortuosity can be visually perceived from Figure 2b and from
Movies 1 and 2 in the Supporting Information.

Finally, as indicated before, mesopores are primarily
introduced in order to “break” the crystal into smaller
microporous domains, which shortens diffusion path length
and, hence, reduces the residence time of molecules within
micropores. Knowing the size of the microporous domains
would be beneficial for understanding the molecular diffusion
and subsequent reactions, and also for judging the effective-
ness of the introduced mesopore networks. A first estimate of
the size of microporous domains is derived from the ratio of
their volume to the external surface area (V/S). In our case,
the volume was defined as the reciprocal of the zeolite density
(0=0.958 gcm ™), and the external surface area was calcu-
lated using a t-plot from physisorption (S =213 m*g™"). This
leads to an equivalent sphere radius (r,=3 V/S) of 15 nm. The
equivalent radius calculated from image analysis is 36 nm.
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Figure 4. Tortuosity of the mesopore network derived from image
analysis. a) Color map of the shortest distances from any point of the
crystal to the surface of the crystal (Euclidean distances Ly). b) Color
map of the actual distances from any point within mesopores to the
surface of the crystal (geodesic distances Lg). c) Plotted Euclidean (Lg)
and geodesic distances (L¢) for all voxels of the two reconstructions
(distinguishable by circle and triangle symbols); the error bars are the
standard deviation of L. for all voxels having a given L. The slope of
the fitted straight line (full) deviates from the value of 1 (dotted),
indicating a slightly tortuous mesopore network. Color bars refer to
distances in nm.

The difference between the two values points to a significant
mesopore surface roughness, which leads to an overestima-
tion of the external geometrical surface area of the micro-
porous domains. This observation further stresses the need for
image analysis. Equally important for hydrocracking reac-
tions is the width of the size distribution, which determines
the selectivity of the catalyst. This information can be
obtained through image analysis by measuring the distance
between any point in the micropore region and the closest
mesopore surface (Figure 5). The distance distribution shows
that 90% of the points of the microporous crystallite are
within 15nm from a mesopore. However, when these
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Figure 5. Size distribution of microporous domains created upon
introduction of mesopores. a) Color map of the shortest distances
from any point of a micropore region to the nearest mesopore surface.
b) Size distribution of the microporous domains defined as a fraction
of the voxels of microporous region with a corresponding shortest
distance to the mesopore surface. Color bar refers to distances in nm.
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distances are reduced to even less than 15 nm a remarkable
improvement of hydrocracking selectivity takes place. This
was achieved by base leaching of HY30, which induced
a whole new network of small mesopores, and hence,
successfully divided the crystal into smaller microporous
domains.' It would be very difficult to measure the
characteristics of microporous domains by any other means
than image analysis.

We derived 3D reconstructed volumes of zeolite Y and its
mesopore network with nanometer resolution, which enabled
image analysis to isolate and measure two types of blocked
mesopores (“closed” and constricted mesopores), the tor-
tuosity of the mesopores, and the size distribution of
unaffected microporous domains. The results from combining
electron tomography with image analysis provide quantitative
data on the morphology of mesoporous zeolites which cannot
be obtained by any other technique. This approach establishes
a new basis for the quantitative interpretation of the impact of
mesoporosity and molecular diffusion on catalyst activity,
selectivity, and stability.

Experimental Section

Commercially available mesoporous zeolite Y, previously steamed
and acid leached, was purchased from Zeolyst under the sample code
CBV760. N, physisorption measurements were carried out on
Micrometrics Tristar 3000 at liquid-nitrogen temperature. Prior to
measurement, samples were degassed under nitrogen flow at 300°C
for 14 h. Electron tomography of selected zeolite particles was
performed on a Tecnai 20 (FEI) instrument in a bright-field imaging
mode at 200 kV. A series of tilt images were acquired at nominal
magnification of 29000 times over an angular range of about £ 75° at
increments of 1 or 2°. Alignment of the acquired tilt series and
subsequent reconstructions were performed using IMOD software
package.’” Image analysis was performed with Matlab using the SDC
mathematical morphology toolbox.
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