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In view of the limited oil reserves the methanol-to-olefin
(MTO) process is an interesting catalytic route to provide raw
materials for chemical industries. In the last decades, a vast
number of studies have been devoted to increase our under-
standing of this important catalytic reaction leading to
a consensus concerning the mechanism.[1–4] Accordingly,
MTO is thought to proceed through the so-called “hydro-
carbon pool” (HCP) mechanism,[5, 6] in which methanol is
added to an organic scaffold present within the zeolite
framework. This is followed by elimination of olefinic species
in a closed catalytic cycle. Microporous silicoaluminophos-
phates and aluminosilicates, such as SAPO-34 and ZSM-5, are
often used as MTO catalysts because of their unique acidic
and structural properties. In the case of ZSM-5 the formation
of ethene and propene is governed by two different catalytic
routes,[7,8] allowing in principle to control the ethene/propene
ratio. Unfortunately, throughout the MTO reaction undesired
carbon deposits are formed in the narrow micropore system
of ZSM-5, leading to severely restricted diffusion and there-

fore limited catalytic activity.[9] To overcome these limitations
efforts have been made to improve the pore accessibility
during synthesis,[10–12] and/or in post-synthetic steps,[13, 14]

resulting in significant improvements in the diffusion proper-
ties of ZSM-5.

In this work, two commercial ZSM-5 zeolites with
dimensions of approximately 200–800 nm have been studied
by scanning transmission X-ray microscopy (STXM). The first
sample, denoted as ZSM-5-C, was calcined for 6 h at 550 8C,
whereas the second sample, further labeled as ZSM-5-S, was
steamed for 3 h at 700 8C. Details on the preparation and
characteristics of ZSM-5-C and ZSM-5-S can be found in the
Supporting Information (Figures S1–S13, Tables S1–S6). We
will show how STXM, in combination with bulk character-
ization techniques, allows investigating the physicochemical
properties of ZSM-5 zeolites in a novel way at the nano-
scale.[15,16] More specifically, detailed chemical maps, with
a spatial resolution of 70 nm, have been obtained of
aluminum, oxygen, and carbon, even under realistic reaction
conditions.[17–19] In this manner, the influence of steaming on
the state of aluminum, that is, the coordination and spatial
distribution, as well as on the MTO performance, has been
unraveled.

In a first set of experiments, STXM was applied to
characterize the X-ray absorption of ZSM-5-C and ZSM-5-S
at the O, Si, and Al K-edge. The obtained spectra are
presented in Figure 1, showing important changes in the Al
environment after steaming. The Al K-edge X-ray absorption
(XA) spectrum of ZSM-5-C showed a sharp white line located
at 1565.5 eV and a broad peak present at 1580 eV related to
medium range order.[20] In contrast, the Al K-edge XA
spectrum of ZSM-5-S disclosed the appearance of new
features at 1567 and 1570 eV characteristic of higher Al
coordination states.[21] As the intensity and shape of these
features are strongly influenced by the local electronic
structure around the absorber,[20–22] the comparison with
reference compounds is helpful.[23, 24] To this end, the exper-
imental Al K-edge XA spectra of ZSM-5-C and ZSM-5-S
were fitted with a linear combination of the XA spectra of
three reference compounds, namely albite (four-fold Al
mineral), berlinite (four-fold Al mineral), and andalusite
(mineral with five- and six-fold Al). The obtained results,
along with details concerning the fitting procedure, are
presented in the Supporting Information. Overall, the spec-
tral fitting indicated that ZSM-5-C contained mainly four-fold
Al, next to minor amounts of five- and six-fold Al. In contrast
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the relative contributions of each reference compound were
significantly altered (Table S6 in the Supporting Information)
and a much higher amount of five- and six-fold Al was found
in ZSM-5-S. Moreover, the contribution of albite and berlin-
ite changed to a great extent, indicating a variation in the
four-fold Al environment. The less well-defined region,
located 15–20 eV above the white line in the Al K-edge XA
spectrum of ZSM-5-S, supports this conclusion.

To corroborate the STXM results independent 27Al magic
angle spinning (MAS) NMR spectroscopy was performed on
ZSM-5-C and ZSM-5-S. The results are summarized in
Figure S7 in the Supporting Information. The NMR spectrum
of ZSM-5-C showed resonances that can be directly attrib-
uted to four- and six-fold Al, located in the region of 60–
50[25–27] and 0 ppm,[25–27] respectively. In contrast, the NMR
spectrum of ZSM-5-S showed an increase in the amount of
six-fold Al at the expense of four-fold Al. A resonance in the
region of 30–35 ppm, attributed to five-fold Al was found for
ZSM-5-S.[28]

In addition to these findings, a specially designed in situ
micro-electromechanical system (MEMS) nanoreactor was
used to study the dynamic transformations of Al during the
zeolite activation at high temperatures. This allows imaging
zeolitic systems under their working conditions, showing the
susceptibility of Al to change its coordination with variations
in the water content and/or temperature conditions.[29–31] The
differences in the spectral features appearing in the Al K-
edge XA spectra obtained at room temperature and at 450 8C
showed that at high temperatures six- and five-fold Al
reverted into four-fold Al (Figure S9 in the Supporting
Information). Simultaneously, at 450 8C a pre-edge feature

was observed, which can arise because of the presence of
three-fold Al[31, 32] and/or electronic transitions induced by
vibrational effects.[33]

Besides the coordination of the Al species, its spatial
distribution is a matter of importance. Until now, this issue
has not been fully understood, as a result of the compromise
between spatial resolution and chemical information often
faced by most of the microspectroscopic techniques
employed. STXM, however, offers an attractive way to
elucidate differences in both the coordination and spatial
distribution of Al at the nanometer scale. For this purpose, the
obtained Al energy stacks, with a spatial resolution of 70 nm,
were fitted with the set of reference compounds used for
spectral fitting. The results, depicted in Figure 2, showed
a homogeneous 2D distribution of four-fold Al with respect to

higher Al coordination environments in ZSM-5-C. Analo-
gously, this was the case for ZSM-5-S, though the contribution
of higher Al coordination environments was considerably
higher than that of four-fold Al. Furthermore, it was found
that the contribution of albite and berlinite were equally
divided and homogeneously distributed throughout the ZSM-
5-S zeolite aggregate (Figure 2b,d).

With the aim of assessing how the aforementioned
variations in the state of aluminum render into the catalytic
performance during MTO, both samples were tested under
realistic reaction conditions. Further details concerning the
catalytic testing can be found in the Supporting Information.
The obtained results, displayed in Figure 3, showed an initial

Figure 1. a) Si, b) O, and c) Al K-edge X-ray absorption spectra of
ZSM-5-C and d) Al K-edge XA spectrum of ZSM-5-S. The bar graphs
represent the percentage estimation of four-fold Al (black) with respect
to five- and six-fold Al species (grey) for ZSM-5-C (left) and ZSM-5-S
(right), as measured with STXM and NMR spectroscopy.

Figure 2. Aluminum coordination and spatial distribution in ZSM-5-C
(a, c, and e) and ZSM-5-S (b, d, and f).The different contributions
have been obtained by fitting the energy stacks with the Al K-edge XA
spectra of albite (a–b, red), berlinite (c–d, green), and andalusite (e–f,
blue). The scale bar represents 500 nm in (a, c, and e) and 1 mm in (b,
d, and f).
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methanol conversion close to 100% for ZSM-5-C, being
active for more than 230 min. Subsequently, the activity was
reduced, leading to a fully deactivated catalyst. Unlike ZSM-
5-C, the starting conversion of methanol in ZSM-5-S was close
to 60 % and the activity was reduced by less than 20% within
500 min of the reaction, disclosing a higher resistance towards
deactivation. As interestingly were the differences in selec-
tivity between both samples. Figure S8 in the Supporting
Information showed that ZSM-5-C mainly led to the forma-
tion of C6 + products, whereas the dominant product for
ZSM-5-S was propene. This indicates that ZSM-5-C operates
through the aromatic-based HCP mechanism, whereas the
alkene-based HCP mechanism is dominating in the ZSM-5-S
material.

To gain insight into whether the differences shown in
activity and selectivity were related to local heterogeneities in
the hydrocarbon formation, STXM was applied to character-
ize ZSM-5-C and ZSM-5-S under reaction conditions. To this
end, the C stacks were measured after 150 min in the reaction
stream. Subsequently, a principal component analysis (PCA)
was used to create a covariance matrix from the stack data
and in a second step a cluster analysis was performed to
classify the pixels accordingly to similarities in their spectra.
The results of this analysis are presented in Figure 4a,
showing the presence of two different C K-edge XA spectra
for ZSM-5-C, which originated from distinct regions of the
aggregate. Among the features present in the C XA spectra,
those appearing at 285, 287.6–288.2, and 291–293.5 eV
correspond to transitions from the C 1s to the unoccupied
C=C s*,[34–37] C�H s*,[36–38] and C�C s*[39, 40] molecular
orbitals. Additionally, the peak appearing between 286 and
287 eV is attributed to transitions of a core electron to the
unoccupied C=C s* molecular orbitals, arising because of the
presence of non-quivalent C atoms in an sp2 hybridization
state.[41] Importantly, the latter transitions can be used as
a fingerprint of the MTO coke precursor species in the C XA
spectra as they originate from aromatic species with high
symmetry (i.e., naphthalene and anthracene).

Interestingly, as shown in Figure 4 b, a relative increase in
the transitions appearing between 286 and 287 eV was
observed in the outer regions of ZSM-5-C, leading to

a core–shell distribution of hydrocarbon species within the
zeolite aggregate. More specifically, ZSM-5-C displayed
a shrinking C shell in which the bulkier hydrocarbons were
preferentially located in the outer rim of the zeolite aggre-
gate. The relative increase observed in the peak located
between 287.6 and 288.2 eV with respect to the 285 eV peak
supports this observation. To further verify the existence of
this carbon shell, the experimental C K-edge XA spectra were
compared with a series of reference compounds differing in
the number of non-equivalent C atoms. The results are given
in Figure S13 in the Supporting Information, confirming the C
shell model for ZSM-5-C. In contrast, the cluster analysis
performed on ZSM-5-S indicated the presence of a single C
XA spectrum, as shown in Figure 4 c, which implied a homo-
geneous spatial distribution of the generated hydrocarbon
species within this aggregate. This is further illustrated in
Figure 4d.

The higher resistance towards deactivation shown by
ZSM-5-S can be rationalized by the property changes induced
by steaming. In particular, the lower acid site strength of
ZSM-5-S (Figure S4 in the Supporting information) may
explain the reduced speed in the formation of coke precursor
species.[42, 43] Simultaneously, the improved diffusion proper-
ties of ZSM-5-S (Figures S2–S3 in the Supporting Informa-
tion) lead to a more homogeneous formation of hydrocarbon
species within this catalyst aggregate, as shown by the
superposition of the C and O chemical maps of Figure S10
in the Supporting Information. As a result, the reduced
acidity and increased pore accessibility of ZSM-5-S lead to
a more stable catalyst material, which contains hydrocarbon
species homogeneously distributed within the aggregate.

Summarizing, a powerful nanoscale chemical imaging
method has been successfully combined with bulk character-

Figure 3. Methanol conversion versus time on stream for ZSM-5-C
(black) and ZSM-5-S (red) obtained from the catalytic test performed
at 500 8C.

Figure 4. Carbon K-edge XA spectra of a) ZSM-5-C and c) ZSM-5-S,
obtained from the cluster analysis performed after 150 min of time on
stream. Cluster index for b) ZSM-5-C and for d) ZSM-5-S. The scale
bar represents 250 nm in both cases.
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ization techniques, such as 27Al MAS NMR spectroscopy. In
this manner, important insights into the influence of steaming
on commercial ZSM-5 zeolites have been obtained. For
example, information on the variations in the Al coordination
and spatial distribution could be revealed, whereas the use of
an in situ reactor demonstrates that five- and six-fold Al
revert into lower coordination states at high temperatures.
Furthermore, during MTO it was possible to measure C
spectra under reaction conditions and on this basis we have
been able to construct C maps at the nanoscale. It was found
that ZSM-5-S, showing a superior catalytic stability, is
represented by a single C spectrum, which can be found in
a homogeneous manner within the zeolite aggregate. This is in
contrast with the fast deactivation of ZSM-5-C, which can be
represented by two C XA spectra inhomogeneously distrib-
uted within the zeolite aggregate. More bulky hydrocarbon
compounds are present in a shell–core fashion, most probably
gradually leading to pore blocking and therefore preventing
the material to be accessible for new reactants.
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