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Introduction

The methanol-to-olefin (MTO) process, which is the selec-
tive transformation of methanol into light olefins, has at-
tracted large interest from both academia and industrial sci-
entists in view of the high demand for light olefins in the
petrochemical industry.[1] Methanol is thereby regarded as
an alternative raw material for crude oil that can be pro-
duced from syn-gas, a mixture of CO and H2, which in turn,
can be made from biomass, natural gas, or coal.[2] The most
studied catalysts for the MTO reaction are H-SAPO-34 and
H-ZSM-5.[1,3] The acidic centres of these materials are re-
sponsible for the chemical transformation of methanol into
valuable hydrocarbons, while their pore architecture offers
well-defined confined spaces, providing the desired product
shape selectivity. However, independent of the catalytic
properties, both molecular sieves deactivate with time-on-
stream due to the formation of coke deposits, thereby affect-
ing their potential application on an industrial scale.[1,3–5]

Architecturally, H-ZSM-5 has the MFI-type structure
composed of straight channels (0.51 nm � 0.54 nm) and inter-
secting sinusoidal channels (0.54 nm �0.56 nm). H-SAPO-34
molecular sieves on the other hand has a CHA-type struc-
ture, containing large cavities (0.65 nm� 1.1 nm) connected
through narrow windows (0.42 nm �0.37 nm).[6,7] In both
molecular sieves, the conversion of methanol into hydrocar-
bons is believed to occur by the so-called hydrocarbon pool
mechanism. According to this mechanism, the reaction
takes place in a closed cycle in which methanol is initially
converted into dimethyl ether (DME) and water. With the
further addition of methanol, more water, as well as catalyt-
ic scaffolds, mainly composed of polymethyl-substituted
benzene molecules, are formed. From these large organic
molecules, alkenes are formed.[8–16] These intermediates do
not only split-off the desired olefinic compounds, but can
also react further, forming polyaromatic molecules and,
eventually, graphitic coke.[17,18] It has been shown that even
methylated naphtalenes, which contain two aromatic rings,
give low alkene formation rates compared to methylated
benzenes, and are therefore minor contributors to product
formation.[19] Therefore, all compounds ranging from bi- and
polyaromatic compounds to graphitic carbon will be denot-
ed as “coke” in this contribution.

Coke compounds may adsorb on the acid sites, poisoning
the catalyst active centres. In addition, coke formation leads
to pore blocking, which restricts both the access of reactants
towards the catalytic scaffold and the exit of products
formed. Pore blocking in H-ZSM-5 zeolites has been related
to the formation of polyaromatic compounds at the channel
intersections or on the outer surface, while in H-SAPO-34 it
arises from polyaromatic molecules formed in the large cavi-
ties. Both processes lead to catalyst deactivation.[4,15,20–22]
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From the above discussions it is evident that differences
in pore architecture affect the coke formation and therefore
the activity of the catalyst. In this respect, H-ZSM-5, al-
though less sensitive to deactivation as compared to H-
SAPO-34, has a low selectivity towards light olefins. H-
SAPO-34 exhibits 90 % selectivity towards light olefins in
the 623–698 K range. Furthermore, with increasing tempera-
ture (623–723 K), an enhanced selectivity towards ethene
and propene is observed although combined with a faster
deactivation.[23,24] However, coke formation may also affect
the catalyst selectivity. During deactivation at a given tem-
perature, the ethene-to-propene ratio is shifted towards
ethene.[9,25] Two hypotheses have been proposed to explain
this behaviour; the first is that a decrease in the free space
in the zeolite cavities with rising coke content suppresses
the formation of methyl benzenes with 5–6 methyl groups,
thereby favouring ethene formation.[9] The second is that
product diffusion out of the catalyst crystals is hindered by
the coke molecules, thereby favouring ethene diffusion.[25]

The current contribution aims to elucidate the differences
in coke formation during the MTO reaction between H-
ZSM-5 and H-SAPO-34 molecular sieves by employing
large crystals as model systems. By using in-situ UV/Vis
micro-spectroscopy and confocal fluorescence microscopy,
in conjunction with a high-temperature in-situ cell, we dem-
onstrate that clear differences can be observed in the rate
and patterning of the coke formation in a space- and time-
resolved manner within the molecular-sieve crystals. The ob-
served differences in coke formation behaviour will be ex-
plained in terms of the pore architecture and the inter-
growth structure of both molecular sieves.

Results and Discussion

Figure 1 shows the scanning electron microscopy (SEM)
images of the H-SAPO-34 (50� 50 � 50 mm) and H-ZSM-5
(100 �20 �20 mm) crystals under study. It should be noted
that these zeolite crystals are not single crystals and are
composed of several intergrowth subunits, as has been re-
cently elucidated (Figure 1 b–d).[26,27] Zeolite crystals were
placed on the heating stage of the in-situ cell, while exposed
to a stream of methanol vapour at the reaction temperatures
in the range of 530–745 K. During the reaction, the crystals
were monitored using UV/Vis micro-spectroscopy and (con-
focal) fluorescence microscopy. In what follows, we will dis-
cuss these in-situ spectroscopy results separately for the H-
ZSM-5 and H-SAPO-34 crystals.

In-situ micro-spectroscopy study on the MTO reaction over
H-ZSM-5 crystals : Upon exposure to methanol vapour, the
translucent H-ZSM-5 crystals turn yellow-brown due to the
formation of carbonaceous deposits. Figure 2 shows a selec-
tion of the optical micrographs of the H-ZSM-5 crystals
taken during the MTO reaction as a function of time-on-
stream at a reaction temperature of 530 and 745 K. From
the inspection of Figure 2 we observe that the crystal colora-

tion intensifies with reaction temperature. It is also worth
noting that the coke deposition is faster on the triangular
areas at the ends of the crystals during the early stage of the
MTO reaction. It should be pointed out that according to
the architecture of the H-ZSM-5 crystal intergrowth, as
shown in Figure 1, the straight pores are open to the surface
in these areas.[28]

Figure 1. Scanning electron micrograph (SEM) pictures of the micron-
sized H-ZSM-5 (a, b) and H-SAPO-34 (c, d) crystals under study togeth-
er with the proposed intergrowth structures and the exploded representa-
tion thereof with pore orientation (b, d).

Figure 2. Optical microphotographs of H-ZSM-5 crystals taken during
the MTO reaction at a) 530 K and b) 745 K. The corresponding time is
indicated in minutes.

www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 11320 – 1132711322

B. M. Weckhuysen et al.

www.chemeurj.org


With time-on-stream, the darkening spreads onto the cen-
tral area of the H-ZSM-5 zeolite crystal. Moreover, the
color of the crystal varies, depending on the reaction tem-
perature, from brown to black. These color variations are re-
flected in the optical absorption measurements. Time-re-
solved optical absorption measurements taken from a 2 mm
spot in the central region of the H-ZSM-5 crystals during
the MTO reaction are shown in Figure 3. The optical spectra
reveal two broad bands at 415 and 550 nm with their intensi-
ties increasing with increasing time-on-stream. In addition, a
broad background absorption stretching across the whole
visible region becomes apparent at high temperatures. The
intensity of both bands directly correlates with the reaction
temperature (Figure 3). The absorption band around 410 nm
has been observed previously and assigned to the p–p* tran-
sitions in methyl-substituted benzenium cations.[15,29–37]

These species play an important role in the hydrocarbon
pool mechanism, by constituting the catalytic engine for
alkene formation in interaction with the acidic centres of
the zeolite.[13,38] As to the band at 550 nm, the red shift sug-
gests that extended conjugated aromatic species originating
from the benzenium species mentioned above are responsi-
ble for the optical absorption in this region. The observation
that the latter absorption band formation lags behind the
one at 415 nm (see Figure 3 b) supports these assign-
ments.[18,39]

The temporal evolution of the absorption band at
�415 nm, as shown in Figure 4, allows the identification of
two distinct temperature regions. Below 573 K, the profiles

remain identical within the experimental error, whereas
above that point higher temperatures result in faster kinet-
ics. This is emphasised by the Arrhenius plot of apparent re-
action rate versus reaction temperature, as shown in Fig-
ure 4 b. The reaction rates have been extracted from the
time evolution profiles by fitting with first-order kinetics.[40]

The above-mentioned findings can be rationalised consid-
ering two different types of carbonaceous species produced
during the MTO reaction. It has been shown for H-ZSM-5
catalysts that polymethylated benzenes, which participate in
the catalytic cycle, are formed within zeolite channels,
whereas graphite-like layers are deposited on the external
surface of the crystal.[13,36, 41] The latter is proposed to be re-
sponsible for the deactivation of H-ZSM-5, which is unique
compared to the microporous materials with larger cavities,
in which the coke is readily formed.[13,42] Along these lines,
it is reasonable to assume that the aromatic compounds are
responsible for the absorption band at 415 nm, while exter-
nal graphite absorbs all the wavelengths across the optical
region. Both species contribute to the apparent absorption
at around 400 nm (Figure 3). At 530–573 K, aromatic com-
pounds within zeolite channels are predominantly formed.
This process appears to be nearly activationless, as evi-
denced in the low-temperature region of the Arrhenius plot.
It is plausible that in those temperatures, the formation of

Figure 3. Optical absorption spectra of H-ZSM-5 crystals during the
MTO reaction taken at a) 530 K and b) 745 K. The spectra were taken
from a spot in the crystal centre.

Figure 4. a) Temporal evolution of the optical absorption at 415 nm taken
from a spot in the centre of the H-ZSM-5 crystal, as a function of time-
on-stream for different reaction temperatures: 510 K (red); 530 K
(black); 550 K (blue); 573 K (green); 615 K (wine); 660 K (cyan); 700 K
(purple); 745 K (orange); b) Corresponding Arrhenius plot of the fitted
curves shown in a).
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aromatic compounds is mainly dependent on the mass trans-
port to the bulk of the H-ZSM-5 crystals. Above 575 K,
graphite formation becomes significant, as reflected by the
appearance of the structureless absorption spectrum (Fig-
ure 3 b). Facilitated cracking of hydrocarbons on H-ZSM-5,
leading to the formation of the graphite residues appears to
have a positive activation energy as evident from the high
temperature region of the Arrhenius plot (Figure 4 b).

In-situ UV/Vis micro-spectroscopy gives valuable insights
into the coke deposition on zeolite crystals. However, the
thickness of the layer probed with this method greatly varies
depending on the optical properties of the sample. We have
recently demonstrated that the carbonaceous species,
formed by oligomerisation of hydrocarbons in zeolite chan-
nels, exhibit strong fluorescence.[26] Therefore, the spatial
distribution of these compounds within the catalyst particle
can be mapped in three dimensions by using confocal fluo-
rescence microscopy. This approach has been applied in the
present work to allow for a better discrimination between
surface and bulk hydrocarbon species. Figure 5 shows the
confocal images of the H-ZSM-5 crystals taken during the
reaction. Two excitation wavelengths were used, namely of
488 and 561 nm, with the fluorescence detection windows at
510–550 and 575–635 nm, respectively.

Upon exposure to methanol, intense fluorescence is im-
mediately observed at the near-surface region. With time-
on-stream, both images exhibit a front of fluorescent mole-
cules gradually moving from the crystal surface inwards.

After �9 min of reaction, an hourglass pattern can be dis-
cerned in the images. This is due to the intracrystalline diffu-
sion boundaries, arising at the subunits interfaces due to the
mismatch of the channel orientation. As Figure 5 shows, flu-
orescent species photo-excited at 488 nm readily penetrate
towards the inner core of the crystal compared to the com-
pounds excited at 561 nm. It has been demonstrated by ex-
traction experiments that restricted space in ZSM-5 chan-
nels inhibits formation of polyring aromatic compounds.[13]

Therefore, the observed fluorescence is likely to be due to
polymethylated benzene carbocations. The patterns ob-
tained at varying excitation wavelengths are not identical,
indicating that they correspond to distinct species, most
likely, differing in their molecular dimensions. In the present
case, it can be due to the different degree of methylation of
the benzene ring. Alternatively, cations absorbing the short-
est wavelengths may contain long conjugated chains that
might exist within the 10-ring channels. Here, the red shift
in the excitation wavelength indicates a larger molecular
size. The observation that the species which exhibits fluores-
cence at lower wavelengths penetrates the intracrystalline
boundaries faster supports this assumption.

With these findings, preferential accumulation of coke at
the triangular edges of the crystals can be explained. The
higher coloration intensity observed in these areas can in
principle originate from intracrystalline hydrocarbon species
or from the surface graphitic depositions. Confocal measure-
ments supports the latter assumption, as no fluorescent in-
tensity from those areas can be observed after �5 min of
the reaction. This conclusion is fully consistent with the pre-
vious observations of spatially resolved reactivity of H-
ZSM-5 crystals in the oligomerisation of styrene. Edge crys-
tal regions appear to exhibit lower catalytic activity com-
pared to the central area, hindering the growth of the sty-
rene oligomeric chain.[43, 44] These findings imply that the
straight channels of H-ZSM-5 are more prone to pore block-
ing, whereas areas the channel system that are connected to
the crystal surface through the segments of zigzag pores pro-
vide reactant and product molecules with more ways to dif-
fuse inside and outside the crystal. In the present case,
straight pore openings at the edges are blocked faster forc-
ing the formation of the surface coke.

In-situ micro-spectroscopy study on the MTO reaction over
H-SAPO-34 crystals : The SAPO-34 crystals have been in-
vestigated in a set of experiments similar to those for large
H-ZSM-5 crystals described previously. In Figure 6, a selec-
tion of the optical microphotographs taken during the MTO
reaction on H-SAPO-34 is shown. The images are depicted
as a function of time-on-stream at two different reaction
temperatures; that is, 530 and 745 K.

Comparison of Figures 2 and 6 reveals clear differences
between the H-SAPO-34 and H-ZSM-5 crystals. For the re-
action performed at 530 K, a strong yellow coloration has
been observed along the edges of the crystals. Surprisingly,
during the experiments, the colour intensity first strongly in-
creases and later on decreases as illustrated by the image

Figure 5. a) Fluorescence intensity profiles of H-ZSM-5 crystal during
MTO reaction at 660 K depicted with time-on-stream at laser excitation
a) 488 nm (detection at 510–550 nm) and b) 561 nm (detection at 565–
635 nm). c) Schematic representation of the slice at which the confocal
fluorescence measurement has been performed. The corresponding time
is indicated in minutes.
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taken after 4 min in Figure 6 a. However, such a drop was
not observed above 573 K at which instead the crystals
become darker and darker with time-on-stream.

The UV/Vis spectra of H-SAPO-34 crystal as a function
of time-on-stream at a reaction temperature of 530 K is
shown in Figure 7 a. Similar to the case of the H-ZSM-5, the
most prominent feature in the spectra is a strong absorption
band at 400 nm, assigned to highly methyl-substituted ben-
zene cations.[45–48] After reaching the intensity maximum, the
absorption band decreases in intensity which is in line with
the observed coloration. The time-resolved absorption
measurements performed at 745 K, as summarised in Fig-
ure 7 b, also show the formation of an absorption band at
around 400 nm. However, the intensity of this absorption

band does not decrease with time-on-stream. In addition,
with increasing temperature, a second absorption band at
480 nm is formed. It should be noted that, as in the case of
H-ZSM-5, the rise of this additional band does not occur at
the expense of the 400 nm band. Furthermore, a rise of
background over the whole spectrum is observed at elevated
temperatures, indicating the formation of graphitic coke. In
contrast to H-ZSM-5, however, no blackening was observed
in the analysis of the optical microphotographs indicating
that the carbonaceous deposits are mainly formed inside the
H-SAPO-34 crystals.

Figure 8 shows the time evolution of the intensity of the
absorption band at around 400 nm at different reaction tem-
peratures as a function of time-on-stream. Similar to H-

ZSM-5, two temperature regions can be discriminated.
Below 573 K, the band intensity passes through a maximum
and then drops to about 20 % of its peak intensity. At
higher temperatures, intensity of the band remains constant
after reaching its maximal value. Remarkably, comparison
of the kinetic profiles recorded at 615 K and above 700 K
shows that the buildup of the 400 nm band is slower at
higher temperatures.

It has been reported that, in contrast with H-ZSM-5, the
reaction intermediates pool formed in H-SAPO-34 during
the MTO process is not limited to mono-aromatic com-
pounds.[10,15] This is due to the large cavities at the channel
intersections, which can accommodate relatively large mole-
cules and could explain the two-phase kinetics of the optical
absorption band at 400 nm observed at lower temperatures.
First, the appearance of the band is associated with poly-ACHTUNGTRENNUNGmethylated benzenes that rapidly interconvert into di- and
tri-aromatic compounds, reflected by the drop in the band
intensity. As in the case of H-ZSM-5, at higher temperatures
two processes contribute to the optical absorption around
480 nm namely, formation of aromatic compounds and
graphite-type coke. The latter is evident from the appear-
ance of broad absorption background in the spectrum (Fig-
ure 7 b). Slowing down the kinetics above 660 K is in agree-
ment with previous observations of a shift from accumula-

Figure 6. Optical microphotographs of H-SAPO-34 crystals taken during
the MTO reaction at a) 530 K and b) 745 K. The corresponding time is
indicated in minutes.

Figure 7. Diffuse reflectance UV/Vis spectra of H-SAPO-34 crystals
during the MTO reaction as a function of time on stream at a) 530 K and
b) 745 K. The spectra were taken from a spot in the middle of the crys-
tal.

Figure 8. Time evolution of the optical absorption at 400 nm taken from
a spot in the centre of the H-SAPO-34 crystal as a function of time-on-
stream at different reaction temperatures:530 K (black); 573 K (green);
615 K (purple); 660 K (orange); 700 K (red); and 745 K (blue).
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tion of aromatics towards cracking into olefins at increasing
temperatures[12,49, 50]

Confocal fluorescence microscopy measurements, similar
to those performed with H-ZSM-5 were carried out with the
H-SAPO-34 crystals. A selection of the confocal fluores-
cence images taken is shown in Figure 9 a, in which the re-
sulting fluorescence intensity profiles recorded at 660 K
using the 561 nm laser excitation are exhibited.

The fluorescent compounds are initially formed at the
crystal corners. In these crystal regions, the flux of reactants
and products is leading to the fastest formation of fluores-
cent coke precursor molecules. Further on, the formation of
these fluorescent species extends to the edges of the crystals.
With time-on-stream, the fluorescent molecules form a front
that slowly moves towards the centre of the crystal; however
the majority of the fluorescent compounds, remains located
at the edge of the crystal. It is worth noting the differences
with the H-ZSM-5 crystals, which is in line with the pro-
posed deactivation mechanism for H-SAPO-34 catalysts that
involves formation of the poly-aromatic compounds in the
cavities, hindering diffusion through the crystal. This process
leads to the channel blockage, making internal region of the
crystals less accessible to the reactant molecules.

Conclusion

We have demonstrated, by using the methanol-to-olefin
(MTO) process as probe reaction and large crystals of two
distinct molecular sieves, that the combination of in-situ
UV/Vis spectroscopy and confocal fluorescence micro-spec-
troscopy is a very valuable tool to probe coke deposits and

their precursors during catalytic reactions. This has been
made possible by using a high-temperature in-situ gas-flow
cell and a fluorescence microscope, which is—in contrast to
the recent work of Roeffaers and co-workers[51,52] on for ex-
ample, the self-condensation of furfuryl alcohol—in an up-
right configuration thus avoiding the use of an immersion
lens. The versatile methodology illustrates that the forma-
tion of coke during the MTO reaction on H-ZSM-5 crystals
significantly differs from that on H-SAPO-34 crystals. Coke
on H-ZSM-5 crystals is initially formed at the edges of the
crystal at which straight pores are in contact with the crystal
outer surface. The crystal coloration intensifies with reaction
temperature. Temporal profiles of the absorption bands
show two distinct temperature regions confirming the for-
mation of the two distinctive coke systems, that is, methylat-
ed aromatic systems and graphitic coke compounds. The ar-
chitecture of the H-ZSM-5 crystals explains these findings:
hydrocarbon compounds in the pore intersections contribute
to the internal coke formation as well as olefin production,
while graphitic compounds block the pore openings at the
external surface of the crystals. Confocal fluorescence ex-
periments confirm that the preferred accumulation of coke
at the crystal edges is due to graphitic deposits at the exter-
nal surface of the catalytic crystal, while, with time-on-
stream, a coke front composed of polymethylated aromatic
species moves towards the centre of the catalytic crystal,
while intracrystalline boundaries slow down the internal dif-
fusion process. The H-SAPO-34 crystals show a fast forma-
tion of methyl-substituted aromatic compounds at the cor-
ners and edges of the catalyst crystal. With increasing tem-
perature, larger coke compounds and graphitic deposits are
formed. Confocal fluorescence measurements confirm the
formation of fluorescent coke compounds starting at the cor-
ners of the H-SAPO-34 crystals, indicating that the majority
of these species remains located at the edges of the crystal,
thereby frustrating a further coke formation in the crystal
core. These findings are also explained by the architecture
of the crystal: large carbonaceous deposits formed in the
cages at the edge of the crystal prevent the reaction front to
move towards the centre of the crystal leading to fast cata-
lyst deactivation.

Experimental Section

Materials and experiments : H-SAPO-34 crystals were prepared as report-
ed elsewhere,[26] whereas large H-ZSM-5 crystallites were provided by
ExxonMobil (Machelen, Belgium). The latter has been described in
detail in our previous publications.[22, 32, 33] The Si/Al ratios of these crys-
tals were 0.4 for H-SAPO-34 and 17 for H-ZSM-5 as determined by
SEM-EDX and XRF measurements respectiveley. Methanol (Antonides-
Interchema) was used as received. The experiments were performed in
an appropriate in-situ cell (Linkam FTIR 600) equipped with a tempera-
ture controller (Linkam TMS 93). The calcined crystals were heated to
775 K at the rate of 10 Kmin�1 and kept at this temperature for 1 h
under inert atmosphere. Subsequently, the temperature was brought to
the required reaction temperature at the rate of 10 Kmin�1 after which
the nitrogen flow was diverted through a bubbler containing a methanol
solution thereby acting as carrier gas.

Figure 9. a) Confocal fluorescence intensity profiles of the H-SAPO-34
crystal during the MTO reaction at 660 K, as a function of time-on-
stream. The laser excitation is 561 nm (detection at 565–635 nm, false
colors). The corresponding time is indicated in minutes. b) Schematic
representation of the slice at which the confocal fluorescence measure-
ment is performed.
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In-situ optical microscopy setup : An Olympus BX41 upright research mi-
croscope equipped with a 50 � 0.5 NA-high working distance objective
was used. A 75 W tungsten lamp provided the illumination. The in-situ
setup was equipped with a 50/50 double-viewport tube, that accommo-
dates a CCD video camera (ColorView IIIu, Soft Imaging System
GmbH) and an optical fibre mount. A 200 mm-core fibre connected the
microscope to a CCD UV/Vis spectrometer (AvaSpec-2048TEC,
Avantes).

In-situ confocal fluorescence microscopy setup : Fluorescence studies
were performed on a Nikon Eclipse LV150 upright microscope with a
50� 0.55 NA dry lens. The confocal fluorescence images were collected
with the use of a Nikon D-Eclipse C1 head connected to the laser light
sources (405, 488 and 561 nm). The emission was detected with two pho-
tomultiplier tubes in the 510–550 and 575–635 nm range.
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