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The catalytic and physicochemical properties of zeolite materi-
als are intimately connected with the aluminum content as
well as its spatial distribution within the zeolite framework
structure.[1–2] Distribution of aluminum and related aluminum
zoning can occur at the level of the crystallographic T sites
within the zeolite framework structure,[3, 4] as well as within
a zeolite particle.[5, 6] Despite that these are well-known phe-
nomena, further information on aluminum zoning within indi-
vidual zeolite particles is needed. It is important to recall that
the performance of a catalytic material is directly related to the
spatial distribution of its active sites,[7–10] which in the case of
zeolites, are the Brønsted acid sites, formed by the corner-shar-
ing of aluminum and silicon tetrahedra. The strength of these
Brønsted acid sites are therefore directly related to the number
and distribution of aluminum atoms in the zeolite particle.[11, 12]

Furthermore, spatial distribution of aluminum also impacts
post-synthetic treatments, such as desilication[13] or steam-
ing,[14] which alter the acidic properties and molecular trans-
port within the zeolite particle.[15–17]

Many characterization methods have been explored to in-
vestigate the spatial distribution of aluminum within large
micron-sized zeolite crystals and smaller poly-crystalline zeolite
aggregates. The techniques include atomic absorption spec-
trometry (AAS),[18] electron microprobe analysis (EPMA),[19] X-ray
fluorescence (XRF),[20] inductively coupled plasma-atomic emis-
sion spectroscopy (ICP-AES),[21] fast-atom-bombardment mass
spectrometry (FABMS), X-ray photoelectron spectroscopy
(XPS),[22] energy-dispersive X-ray spectroscopy (EDX)[23] as well
as proton-induced gamma-ray emission (PIGE).[24] Unfortunate-
ly, these methods often require sputter or milling pre-treat-

ments to reveal insights from the deeper parts of the zeolite
particle. As a consequence, a limited number of the characteri-
zation studies report on the distribution of aluminum through-
out the entire zeolite particle volume,[25, 26] while none of them
discriminate between the different coordination environments
of aluminum. Within this context, it has been recently shown
that 3D scanning transmission X-ray microscopy (STXM) is well
suited to chemically probe the interior of micron-sized objects
due to a unique combination of the microscope’s depth of
focus, penetration depth and spatial resolution.[27, 28]

Here, we present the first nanoscale chemical imaging study
revealing the spatial distribution of the amount and coordina-
tion environment of aluminum in zeolite materials with 3D
scanning transmission X-ray microscopy (STXM). For this pur-
pose, we have focused on two showcase samples involving
the industrially relevant zeolite H-ZSM-5. The first one is a cal-
cined H-ZSM-5 commercial zeolite powder, labeled as ZSM-5-C.
The second material with sample name ZSM-5-S has been ob-
tained by steaming ZSM-5-C at 700 8C for 3 h. Further details
on the preparation and physicochemical properties of both
materials can be found in the Supporting Information of
a recent article.[29]

To gain insight into the 3D distribution of the amount of alu-
minum and its coordination environments within ZSM-5-C and
ZSM-5-S, chemical mapping at the aluminum K-edge was done
making use of the interferometrically controlled STXM instru-
ment at beamline 11.0.2 of the Advanced Light Source (ALS) of
the Lawrence Berkeley National Laboratory (LBNL, Berkeley,
USA).[30] 2D STXM images were obtained over 61 different
angles (�908, 908) with an increment of 38 between each set
of images. For this purpose, the zeolite ZSM-5 aggregates
were introduced into a glass capillary and positioned perpen-
dicular to the X-ray beam on a tomography sample stage. The
set of 2D STXM images was recorded at three different ener-
gies, further labeled as E1, E2 and E3, at 1560 eV, 1565.5 eV and
1567 eV, respectively, while the focus settings were optimized
at every angle. The STXM images were acquired using a 25 nm
Fresnel zone plate, with a spatial resolution set at 30 nm and
a field of view of 3 � 3 mm. Further details concerning the prep-
aration of the glass capillaries, the tomography stage as well
as the data-processing routines applied can be found in the
Supporting Information.

In order to translate the information within the 2D set of
STXM images at different energies and angles in terms of dif-
ferent aluminum coordination environments we have made
use of two aluminum reference compounds. The selected com-
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pounds are albite (i.e. a 4-fold aluminum mineral) and corun-
dum (i.e. a 6-fold aluminum mineral). The soft X-ray absorption
spectra at the aluminum K-edge of both minerals are given in
Figure 1. We have opted for the measurement at three select-
ed energy points E1, E2 and E3 to allow the quantification of 4-
and 6-fold aluminum in ZSM-5-C according to the equations
given in Scheme SI-1. This quantitative approach applied to
each voxel over the entire investigated volume of ZSM-5-C, re-
sults in a 3D distribution of the amount of 4- and 6-fold alumi-
num within the zeolite particle, as shown in Figure 2 a. It is im-
portant to remark that previous 27Al MAS NMR measurements
on ZSM-5-C have shown that this material only contains one
type of 4-fold aluminum (87 %) with minor amounts of 6-fold
coordinated aluminum (13 %).[29]

The corresponding movie of the 3D reconstruction of 4- and
6-fold aluminum coordination environments in sample ZSM-5-
C is given in Movie SI-1, while Figure 3 a shows the 2D STXM
slices obtained from the 3D data cube of this movie. These
data reveal that an individual ZSM-5-C particle contains a mix-
ture of 4- and 6-fold aluminum species. The 4-fold coordinated
aluminum is homogeneously distributed throughout the zeo-
lite aggregate, while there are embedded regions rich in 6-
fold-coordinated aluminum with sizes extending up to several
hundreds of nanometres. These regions are randomly distribut-
ed throughout the zeolite particle. In other words, there is no
specific 4- and 6-fold aluminum zoning observed within the
calcined H-ZSM-5 zeolite aggregate under study.

It should be noted that this result is in apparent contradic-
tion with the earlier reported 2D STXM maps of aluminum for
the same sample.[29] However, the reason for the discrepancy
observed between the 2D and 3D STXM projections arises
from the fact that in a 2D projection the chemical information
contained in each pixel refers to the different types of alumi-
num species present in a column of material. In contrast, in
the 3D projection information is contained in several voxels,
which can be distinguished from each other. Accordingly, the

divergence between the 2D and 3D STXM data indicates that
in order to obtain an accurate picture of the distribution of dif-
ferent aluminum coordination within zeolite aggregates nano-
tomography studies are essential.

In a next step, we have quantified the relative contribution
of 4- and 6-fold aluminum species to the overall X-ray absorp-
tion within a voxel. Figure 4 shows a histogram of the number
of voxels relative to the optical density for 4- and 6-fold coordi-
nated aluminum. Summing up all the voxels measured, com-
prising the entire zeolite volume, leads to an averaged distri-
bution of both aluminum coordination environments. They
correspond to 89 % and 11 % of 4-fold and 6-fold aluminum,
respectively. It is comforting to see that these numbers are
very close to those obtained by 27Al MAS NMR measurements
on ZSM-5-C.[29] Indeed, the NMR results of 87 % for 4-fold alu-
minum and 13 % for 6-fold aluminum are in line with the aver-
age numbers from the 3D STXM data analysis. In other words,
the nanoscale imaging data are corroborated by independent
bulk measurements on the same material.

In contrast, 27Al MAS NMR and STXM measurements reveal
that at least two different types of 4-fold aluminum coordina-
tion environments as well as 5-fold aluminum species are pres-
ent after steaming ZSM-5-C (sample ZSM-5-S).[29] As a conse-
quence, the STXM image obtained by subtracting the X-ray ab-
sorption at E1 from that at E2 is not indicative of a single alumi-

Figure 1. Soft X-ray K-edge absorption spectra of aluminum for reference
compounds albite (blue) and corundum (red), including the three energies
(E1, E2 and E3) measured at every projection angle during the scanning trans-
mission X-ray microscopy (STXM) tomography measurements. In the case of
sample ZSM-5-C E1, E2, and E3 represent the pre-edge feature, the edge
jump for 4-fold aluminum and the edge jump for 6-fold aluminum, respec-
tively.

Figure 2. 3D STXM tomographic reconstruction showing the distribution of
different aluminum coordination environments for a) sample ZSM-5-C with
4-fold and 6-fold aluminum coloured respectively blue and red; and
b) sample ZSM-5-S with 4/5-fold and 6-fold aluminum coloured respectively
blue and red.
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num coordination but rather for a mixture of lower aluminum
coordination environments (i.e. 4- and 5-fold aluminum). It is
noted that, to fully distinguish the individual contributions of
the different types of 4-fold and 5-fold aluminum, at least two
more 2D STXM projections obtained at different energies are

required at every angle. In other words, to unravel
the distribution of n different types of aluminum co-
ordination environments n + 1 2D STXM projections
obtained at different energy values are needed at
every angle. Ideally, a series of images over small
energy increments, also known as stacks, should be
obtained. Nonetheless, the acquisition of a stack with
the same settings as those used in the 2D STXM pro-
jections collected to obtain the 3D reconstruction
will require an acquisition time between 50 and
60 min for every angle. Due to time restrictions
during STXM measurements as well as X-ray beam
stability issues, we limited our study on ZSM-5-S to
the same three energy points E1, E2, and E3, as used
for sample ZSM-5-C. Taking into account that the
main feature in the aluminum K-edge X-ray absorp-
tion spectrum (XAS) of 6-fold coordinated species
does not overlap with the edge-jump arising due to
the presence of 4-fold and 5-fold aluminum,[31] we
will make use of this approach to discuss the relative
increase in the amount of 6-fold aluminum with re-
spect to lower aluminum coordination environments
upon steaming.

Figure 2 b shows the 3D distribution of the
amount of 6-fold aluminum relative to that of lower-
coordinated aluminum. The corresponding 3D recon-
struction for sample ZSM-5-S is further illustrated in
Movie SI-2, while Figure 3 b shows the 2D STXM slices
obtained from the 3D data cube of this movie. These
results reveal an overall increase in the aluminum co-
ordination number after hydrothermal treatment.
Furthermore, the 3D tomographic reconstruction
shows a heterogeneous distribution of 6-fold alumi-
num species, although no specific aluminum zoning

was noted in a steamed H-ZSM-5 zeolite aggregate, at least
not within the spatial resolution limitations of our 3D STXM
measurements.

Summarizing, 3D STXM allows mapping the coordination en-
vironment as well as the spatial distribution of aluminum
within industrial relevant zeolite catalyst materials. It was
found that—at least within the spatial resolution capabilities of
the method applied—there is no aluminum zoning within the
entire catalyst particle, before as well as after steaming. None-
theless, the calcined and steamed H-ZSM-5 zeolite aggregates
both contain extended regions rich in environments where
aluminum is more highly coordinated. Furthermore, it has
been possible to quantify the amount of 4- and 6-fold alumi-
num within the calcined H-ZSM-5 sample. These quantitative
numbers for a single zeolite particle are in close agreement
with those obtained by bulk analytical tools, such as 27Al MAS
NMR. Importantly, this 3D STXM methodology is not limited to
aluminum or zeolite materials in general, as different light ele-
ments, such as carbon, nitrogen and oxygen, can be measured.
Future studies will be directed to in situ measurements able to
reveal changes in the state of the catalyst phase and its effect
on the nature and distribution of the organic phase present
under relevant reaction conditions.

Figure 3. 2D STXM slices obtained from the 3D data cube, shown in Figure 2, for a) an in-
dividual ZSM-5-C zeolite aggregate showing 4-fold (blue) and 6-fold (red) aluminum co-
ordination environments in different frames (a1–a8) and b) an individual ZSM-5-S zeolite
aggregate showing 4- and 5-fold (blue) and 6-fold (red) aluminum coordination environ-
ments in different frames (b1–b8).

Figure 4. Quantitative analysis of the different aluminum coordination envi-
ronments within sample ZSM-5-C with 4-fold and 6-fold aluminum coloured
respectively blue and red, as obtained from the 3D STXM data cube given in
Figure 2.
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Experimental Section

MFI-Type Zeolite Materials and Steam-Treatment Procedure

Two different zeolite ZSM-5 catalyst powders, namely a calcined
(i.e. ZSM-5-C) and a hydrothermally treated sample (i.e. ZSM-5-S)
have been investigated. The starting material, with dimensions of
approximately 200–800 nm and a Si/Al ratio of 11.5, is a commercial
sample provided by Zeolyst (CBV 2314) in their ammonium form.
To obtain ZSM-5-C, the starting material was calcined in a static
oven (N100 Nabertherm), first preheating the sample at 120 8C
(30 min, 2 8C min�1) and then increasing the temperature to 550 8C
(360 min, 10 8C min�1). The ZSM-5-S sample was prepared perform-
ing a steaming post-treatment on ZSM-5-C. Prior to the hydrother-
mal treatment, ZSM-5-C was preheated to 120 8C for 30 min in
a quartz tubular oven (Thermoline 79300), at a rate of 2 8C min�1.
Subsequently, the zeolite sample was heated to 700 8C at a rate of
10 8C min�1 and steamed by means of saturation of N2 flow
(180 mL min�1) with water at 100 8C (180 min) to obtain ZSM-5-S.
After the hydrothermal treatment the sample was calcined at
550 8C for 360 min in a static oven (N100 Nabertherm).

Acknowledgment

We thank NRSC-C (B.M.W.), NWO-CW Top (B.M.W.) and NWO-CW
VICI (F.M.F.d.G.) for financial support.

Keywords: aluminum · heterogeneous catalysis ·
tomography · X-ray spectroscopy · zeolites

[1] G. Busca, Chem. Rev. 2007, 107, 5366.
[2] Introduction to Zeolite Science & Practice (Eds. : H. van Bekkum, E. M. Fla-

nigen, P. A. Jacobs, J. C. Jansen), Elsevier, Amsterdam, 2001.
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