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Abstract: By the use of electron energy-
loss spectroscopy performed in a scan-
ning transmission electron microscope
(STEM-EELS), detailed spatial infor-
mation is obtained concerning the
amount and nature of carbonaceous
deposits formed inside the crystals of
the zeolite ferrierite (FER) during the
reaction of n-butene to isobutene. In all
cases, gradients in coke concentration
over the crystal have been observed and
quantified. An extensive accumulation
of coke is observed at the entrance of

the eight-membered-ring (MR) pores,
while less coke is present at the entran-
ces of the ten-MR channels. At a higher
coke content, further filling up of the
complete micropore system occurs and
the eight-MR pores become fully
blocked. The ten-MR channels remain
partially accessible for n-butene, with
alkyl-aromatic species deposited near

the inlets of these channels. With regard
to the selective transformation of n-
butene into isobutene, this supports the
view that the catalytic action takes place
in the pore mouths of the ten-MR
channels. Overall it is demonstrated that
the major benefit of STEM-EELS is the
possibility to simultaneously determine
the position-resolved amount and na-
ture of carbonaceous deposits on intact
zeolite crystals.Keywords: carbon ¥ coke ¥ ferrier-

ite ¥ STEM-EELS ¥ zeolites

Introduction

Electron energy-loss spectroscopy (EELS) has proven to be a
powerful technique in materials science and life sciences for
detailed chemical characterization of nanosized structures.[1]

Gallezot et al.[2] demonstrated the use of EELS for studying
carbonaceous species deposited on the outer surface of
various zeolite crystals by performing the measurements in
a scanning transmission electron microscope (STEM-EELS).
In this way it was demonstrated that the carbonaceous species
blocked the entrance of the zeolite pores. Moreover, by
interpretation of the carbon K-edge fine structure, the nature
of the deposits was qualitatively resolved to be poly-aromat-
ic.[2]

Carbonaceous deposits, often referred to as ™coke∫, are
generally known to provoke catalytic deactivation of zeo-
lites.[3, 4] Besides deposition of coke at the outer surface,

deactivation of zeolite catalysts may also be induced by
carbonaceous species formed and deposited inside the zeolitic
pore system. In that case the rate of deactivation and the
location and nature of deposits inside the crystal is largely
determined by the internal pore system of the zeolite.[5±7]

Therefore, simultaneous determination of the location,
amount, and nature of carbonaceous deposits may signifi-
cantly contribute to the understanding of deactivation phe-
nomena in zeolite catalysis induced by coking. As a result of
recent technical developments STEM-EELS provides the
possibility to obtain highly detailed spatial information, not
only at the outer surface of a coked zeolite crystal as revealed
by Gallezot et al. ,[2] but also potentially inside the crystal. In
this study it is demonstrated for the first time that by using
STEM-EELS it is possible to unravel the influence of the pore
structure on the coke deposition inside zeolite crystals.
Additionally, by interpretation of the carbon K-edge fine
structure an indication on the nature of the deposits is
obtained.
The measurements are performed on crystals of the zeolite

ferrierite (FER) that are aged during the catalytic conversion
of n-butene into isobutene. FER consists of a two-dimensional
pore network built up of ten-, eight-, six-, and five-membered
rings (MR)[8] and is a highly suitable catalyst for the skeletal
isomerization of n-butene into isobutene.[9] For this reaction
the selective formation of isobutene coincides with the
presence of carbonaceous deposits.[10±12] However, the exact
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role of these deposits during the catalytic action is still under
debate. Therefore, information about the location, amount,
and nature of carbonaceous deposits in the zeolite crystals
may contribute to a further understanding of the role of
carbonaceous deposits in butene skeletal isomerization, and
zeolite deactivation phenomena in general.

Results

Two FER samples with different amounts of carbonaceous
deposits, exhibiting different catalytic properties, were pre-
pared in a tapered element oscillating microbalance (TEOM).
The first sample, obtained after 1 h on stream, contains
2.5 wt% coke (FER2.5C) and displays a high n-butene
conversion, but a low selectivity to isobutene. The second
sample, obtained after 300 h on stream, contains 6.8 wt%
coke (FER6.8C) and is less active, but more selective towards
isobutene. Their catalytic properties and micropore volumes
as determined by nitrogen physisorption are summarized in
Table 1.
By using STEM-EELS, the atomic carbon and oxygen

signals were monitored for FER2.5C and FER6.8C, and the
results as a function of the scanning distance in the directions
parallel to the eight- (top) and ten-MR channels (bottom) are
displayed in Figure 1. The first data points shown in the graphs
are also the first points detected on the zeolite crystals. All
performed line scans indicate that it takes about 50 ä before a
stable oxygen signal is detected. The increasing oxygen signal
suggests that the edges of the crystals are not entirely flat, but
seem to be roughened in the direction perpendicular to the
electron beam. Looking at the carbon signal, it becomes
evident that a significant amount of carbonaceous species is

deposited throughout the FER crystal. More carbonaceous
deposits are present close to the pore mouths of the eight-MR
rather than the ten-MR channels. This is evident from the fact
that for both samples the carbon signal rises faster in the
direction of the eight MR than the ten MR. The difference is
particularly well illustrated in Figure 2, which shows line scans
displaying the atomic carbon to zeolitic oxygen (C/O) ratios.
These ratios are shown as a function of scanning distance
parallel to the direction of the ten- and eight-MR channels for
both FER2.5C (top) and FER6.8C (bottom). In the graphs,
the origin represents the last data point detected just before
the crystal, that is, in vacuum. The second data point in the
graph is thus the first point detected on the zeolite crystal.
Going from FER2.5C to FER6.8C, that is, with increasing
coke content, the scans parallel to the eight-MR channels
show a large increase in the C/O ratio at the crystal edge; this
then declines going further into the crystal. In the direction of
the ten-MR channels the C/O ratio also increases going from
FER2.5C to FER6.8C, although more moderately.
Figure 3 zooms in on the C/O ratios detected further from

the crystal edges, from 100 to 200 ä. For both FER2.5C (top)

Table 1. Catalytic properties and micropore volumes of the aged FER
samples.

FER2.5C FER6.8C

time-on-stream [h] 1 300[a]

n-butene conversion [mol%] 81 24
isobutene selectivity [mol%] 20 87
isobutene yield [mol%] 16 22
micropore volume[b] [mLg�1] 0.072 0.013

[a] After several hours on stream the maximum amount of deposits is
reached. [b] Determined with N2 physisorption, micropore volume for FER
without deposits is 0.132 mLg�1.

Figure 1. Carbon and oxygen signals for FER2.5C (left) and FER6.8C (right) as a function of scanning distance in the direction parallel to the eight- (top)
and ten-MR channels (bottom). Note that the scale of the y axis is logarithmic.
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Figure 2. Atomic carbon to zeolitic oxygen ratios for FER2.5C (top) and
FER6.8C (bottom) as a function of scanning distance. Line scans were
taken parallel to the eight- and ten-MR channels, respectively. Note that
there is a factor 2 difference in the y axis scale between the top and bottom
graph.

Figure 3. Atomic carbon to zeolitic oxygen ratios for FER2.5C (top) and
FER6.8C (bottom) as a function of scanning distance from 100 to 200 ä.
Line scans were taken parallel to the eight- and ten-MR channels,
respectively. Dotted lines indicate the C/O ratio based on the overall coke
content (see text). Note that there is a factor 2 difference in the y axis scale
between the top and bottom graph.

and FER6.8C (bottom) a clear gradient in the C/O ratio is
observed, which stabilizes at around 175 ä. The C/O ratio at
this position coincides with the C/O ratio calculated from the
bulk coke loading.

Figure 4 shows two-dimensional elemental maps for
FER2.5C, which were obtained by combining a large number
of parallel-recorded line scans. In this way Figure 4 provides a
clear image of the carbon distribution over part of the mildly
aged FER2.5C crystals. It is important to take into account
that the results obtained for the first 50 ä are largely
determined by the roughened planes of the FER crystal.

Figure 4. Two-dimensional elemental maps showing the atomic carbon to
zeolitic oxygen (C/O) ratio over a representative crystal of FER2.5C,
obtained by combining a large number of line scans parallel to the eight-
(top) and ten-MR channels (bottom); the darker the area, the higher C/O
ratio.

In Figure 5 the electron energy-loss spectra of the carbon
K-edges detected at different locations in the FER6.8C
crystals are displayed. The upper spectrum is obtained at
�20 ä from the edge of the crystal, that is, close to the pore

Figure 5. Carbon K-core edges for FER6.8C at various locations on the
crystal, going from the edge at the ten-MR entrances (top spectrum) to the
inside (bottom spectrum). For reasons of clarity we moved the baselines of
the different spectra.

mouths of the ten-MR channels. The middle spectrum is
obtained at �50 ä and the bottom spectrum at �100 ä from
the crystal edge. To verify the nature of the carbonaceous
species, the experimental spectra were evaluated using
reference compounds.[13, 14] All carbon K-edges resemble the
spectra of amorphous carbonaceous compounds, implying the
presence of polyaromatic species. For all spectra obtained
near the crystal edge, the leading peak is more distinct and an
additional shoulder at 287 eV is visible, which is indicative for
the presence aliphatic species and/or alkyl groups.
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Discussion

The results displayed in Figure 1 show that for FER2.5C, that
is, after 1 hour of n-butene reaction (see Table 1), there is
carbon present at all distances scanned in both the eight- (top)
and ten-MR (bottom) directions. This reveals that the
reaction of n-butene results in an immediate deposition of
carbonaceous species throughout the crystal. With regard to
the oxygen signal, the line scans indicate that it takes about
50 ä before a stable oxygen signal is detected. This suggests
that the edges of the crystals are not straight, but seem to be
roughened in the direction perpendicular to the electron
beam. At the same time, somewhat higher carbon signals are
detected at the edges of the crystal in both the eight- and ten-
MR directions, indicating that the pore mouths of both
channels are sensitive to the deposition of carbonaceous
deposits. Besides, by comparing the initial rise of the carbon
signal with that of the oxygen signal, it becomes evident that
the pore mouths of the eight-MR channels experience a more
severe deposition of carbonaceous deposits than the inlets of
the ten-MR channels. This is further illustrated in Figure 2
(top), which shows that for FER2.5C the maximum of the
atomic C/O ratio is significantly higher at the entrance of the
eight-MR channels than at the entrance of the ten-MR
channels. Moreover, Figure 4 clearly visualizes that significant
deposition of coke has occurred at the pore mouths of the
eight-MR channels. Also at the entrances of the ten-MR
channels some enrichment by coke species is observed;
however, the location and amount indicate that the deposition
has been less.
The higher sensitivity of the eight-MR channels towards the

formation of coke may have two explanations. First, the
diameter of an eight-MR channel is smaller than that of a ten-
MR channel (see Figure 6). As a result the n-butene and/or

Figure 6. Schematic representation of a FER crystal, showing the average
crystal-size and the directions and dimensions of the pores. Note: the
kinetic diameter of n-butene is 3.0� 4.7 ä.

the formed products will experience more steric hindrance in
the eight-MR channels; this in turn causes accumulation of
polymeric species that subsequently induce coke formation.
Second, it has been demonstrated by infrared spectrosco-
py[12, 15] that the Br˘nsted acid sites in the eight-MR channels
are located at slightly lower wavenumbers; this suggests that
they might be more acidic and, therefore, more sensitive to
irreversible deposition of carbonaceous species. Nevertheless,
Figures 1, 2 (top), and 4 show that at the entrances of the ten-
MR channels of FER2.5C some accumulation of carbona-

ceous species is also observed. Based on the nitrogen
physisorption/t-plot analysis (Table 1), which reveals that
there is still a significant amount of free micropore volume, it
is suggested that the ten-MR channels of FER2.5C remain
partially accessible.
For FER6.8C, obtained after 300 h n-butene reaction (see

Table 1), Figures 1 and 2 (bottom) reveal a significant growth
in the carbon signal throughout the crystal as compared to
FER2.5C. Especially the considerable rise at the eight-MR
pore inlets confirms the high sensitivity of these channels for
the deposition of coke. The carbon signal at the edge of the
ten-MR channels has also increased, but the slower growth
indicates that the thickness and severity of the deposited coke
layer is significantly less. Nitrogen physisorption/t-plot anal-
ysis for FER6.8C (Table 1) reveals that the micropore volume
has decreased by a factor 10. Based on Figures 1 and 2
(bottom) it is suggested that this volume will be primarily
located in the ten-MR pore entrances and that the eight-MR
channels will be completely blocked. Overall, this implies that
the ten-MR channels remain to some extent accessible for n-
butene, even with a high coke content. With regard to the
selective transformation of n-butene into isobutene over aged
and selective FER, this suggests that the catalytic action will
primarily occur in the initial part of the ten-MR channels.
Essential information concerning the filling of the FER

micropore volume is provided by Figure 3, which zooms in on
the C/O ratios detected further from the crystal edge. This
demonstrates that inside the FER crystal a smooth carbon
gradient is present that levels off around 175 ä. At a distance
of 100 ä the C/O atomic ratio for FER2.5C is �0.14, which
increases to �0.40 for FER6.8C. Going even further towards
the center of the crystal at 200 ä from the crystal edge, the C/
O atomic ratio for FER2.5C is�0.05 and for FER6.8C�0.18.
The validity of these numbers can be verified by calculating
the expected C/O ratios on the basis of elemental analysis. For
this calculation, the chemical composition of FER2.5C can be
represented as 2.5 wt% coke (™CH∫) and 97.5 wt% FER
(™SiO2∫); this then leaves a C/O atomic ratio of �0.06. In a
similar way FER6.8C can be represented as 6.8 wt% coke
(™CH∫) and 93.2 wt% FER (™SiO2∫); this results in a C/O
atomic ratio of �0.17. The theoretically obtained numbers
agree very well with the experimentally observed ones
obtained at 200 ä from the crystal edge. Regarding the fact
that the size of the FER crystals under study is �10000 ä
(parallel to the ten MR) by �4000 ä (parallel to the eight
MR), it is evident that the number for the bulk C/O ratio will
be predominantly determined by the numbers detected at
200 ä from the crystal edge. For this reason, the higher C/O
ratios detected at the crystal edges are of minor influence on
the bulk C/O ratio of the crystal. The good agreement
between theory and experiment indicates the sensitivity and
validity of the STEM-EELS technique for establishing C/O
ratios as a function of their location on aged zeolite crystals.
Having established the quantitative nature of the STEM-

EELS C/O ratio, the coke enrichment close to the external
surface of the FER crystals is considered. In view of the pore
volume of FER (0.13 mLg�1) and a maximum density of
polyaromatics in the pores of �1 gmL�1, the intracrystalline
coke loading cannot exceed �12 wt% corresponding to C/O
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atomic ratio of �0.3. This proves that the coke accumulation
apparent in Figure 2 for both eight- and ten-MR-related
crystal faces resides largely at the external surface of the
crystal, in line with previous TEM results on aged FER.[11]

From the above discussion some indication is obtained on
the growth of the coke going from FER2.5C to FER6.8C. The
addition of reactants and/or products to the carbonaceous
species already present will mainly occur through acid-
catalyzed alkylation of butenes to aromatic coke in the initial
part of the micropores, as is confirmed by the layer present at
the crystal edges. In line with IR results[12] the eight-MR pores
are coked up much more rapidly than the ten-MR pores.
According to the STEM-EELS results, the intracrystalline
coking reactions give rise to more extensive extracrystalline
coke deposition. Next to the formation of an external coke
layer, an intracrystalline coke gradient has been found
(Figure 3). It is speculated that part of the butenes migrates
further down into the zeolite channels, slowly increasing the
overall C/O ratio inside the crystal. The above coke-deposi-
tion process is elaborated by Figure 5, which demonstrates
that the carbonaceous species located around the C/O
maximum in the ten-MR channels are both aromatic and
aliphatic in nature, while the coke located further inside the
crystal have been transformed into polyaromatic species. The
nature of the coke on FER6.8C as detected by STEM-EELS is
in good agreement with results obtained by infrared spectros-
copy, revealing the presence of alkyl ± aromatic species.[12, 16, 17]

However, infrared spectroscopy is a bulk technique, while it is
now demonstrated by STEM-EELS that the aromatic species
with aliphatic groups present are predominantly located at the
initial part of the ten-MR channels.

Conclusion

STEM-EELS measurements were performed on FER crystals
aged during the skeletal isomerization of n-butene into
isobutene. From this it is evident that carbonaceous species
are deposited throughout the zeolite crystals. However, the
carbon concentration is not uniform, since at the entrances of
the eight-MR pores a large accumulation of coke is observed.
For the ten-MR channels some enrichment by coke is also
detected at the pore entrances. At a higher coke content, the
micropores are further filled by carbonaceous species and the
eight-MR pores become fully blocked. The ten-MR channels
on the other hand remain partially accessible for n-butene,
with alkyl ± aromatic species deposited near the inlets of these
channels. For this reason it is concluded that the selective
transformation of n-butene into isobutene will take place in
the primary part of the ten-MR channels. Overall, it is
demonstrated that STEM-EELS is a powerful characteriza-
tion technique for studying the location, amount, and nature
of carbonaceous deposits in zeolite crystals.

Experimental Section

Sample preparation : Commercially available high silicon ±NH4
� ferrierite

(Zeolyst Int. Si/Al 30) with a crystal-size in the order of 1.0� 0.4� 0.05 �m,

as depicted in Figure 6, was activated in a dry nitrogen flow at 823 K for
12 h in order to obtain the H� ferrierite (H-FER). Nitrogen physisorption
and t-plot analysis for H-FER showed an external surface area of 42 m2g�1

and a micropore volume of 0.132 mLg�1. Around 50 mg of FER (particle
size: 90 ± 150 �m) were aged during the n-butene (Hoek Loos, 1-butene,
�99.5%) reaction in a tapered element oscillating microbalance (TEOM,
Rupprecht & Pataschnick 1500 PMA); reaction products were analyzed
on-line using a gas chromatograph (Shimadzu 17A with a Chrompack
PLOT capillary column of fused silica-Al2O3/KCL, 50 m� 0.32 mm). The
TEOM reactor provided the possibility to study real-time catalyst
deactivation induced by the deposition of carbonaceous deposits, while
monitoring the catalytic reaction. For a detailed description of the TEOM
we refer to work by Hershkowitz and Madiara,[18] and Chen et al.[19]

Two FER-samples with different amounts of carbonaceous deposits were
prepared in the TEOM at 623 K, 1.3 bar using a weight hourly space
velocity of 4 gbutene gferrierite�1h�1. The first sample, obtained after 1 h on
stream, contained 2.5 wt% coke (FER2.5C). The second sample, obtained
after 300 h on stream, contained 6.8 wt% coke (FER6.8C). Following the
reactive adsorption of butenes, the samples were flushed at 623 K with
nitrogen for 10 minutes followed by cooling down to ambient temperature.

STEM-EELS measurements : To investigate the carbon distribution on the
aged H-FER crystals of FER2.5C and FER6.8C, carbon and oxygen K
edges were monitored by use of a 100 keV STEM instrument (VGHB 501)
equipped with a field emission source and a parallel Gatan 666 EELS
spectrometer. The instrument was in operation in Orsay and produced
EELS-spectra with 0.5 eV energy resolution and subnanometer spatial
resolution within a typical acquisition time of a few hundreds of milli-
seconds per pixel. More specifically the subnanometer probe (typically 5 ä
in diameter) could be positioned with an accuracy higher than 2 ä on the
sample, and it could scan the sample digitally with spatial increments as
small as 3 ä. For further details concerning the experimental set-up we
refer to a report by Ste¬phan et al.[20] The aged H-FER crystals were first
sonicated in ethanol and then dropped on a holey amorphous carbon film
supported on a copper grid. Parts of the crystals protruding out into
vacuum were selected for EELS investigation. The FER crystals used in
this study were very appropriate for STEM-EELS measurements, since
they were thin and platelike, as depicted in Figure 6. The two-dimensional
pore network consisted of ten-MR channels with a size of 5.4� 4.2 ä and
eight-MR channels of 4.8� 3.5 ä.[21] For both FER2.5C and FER6.8C one-
dimensional line scans with a 5 ä probe size, 3.125 ä spatial increment, and
400 ms of exposure time were recorded by taking spectra while ramping the
electron probe parallel to the eight- and ten-MR channels of the crystals.
For FER2.5C a large number of parallel-recorded line scans were
combined providing two-dimensional elemental maps. This was not
possible for FER6.8C, since this sample was less stable in the electron
beam. C/O atomic ratios were calculated after correction for the element
sensitivities.[20]
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