ChemCatChem

Full Papers

doi.org/10.1002/cctc.201902362

Chem/
Europ

European (
Societies P

Hierarchical ZSM-5 Catalysts: The Effect of Different
Intracrystalline Pore Dimensions on Catalyst Deactivation
Behaviour in the MTO Reaction

Tobias Weissenberger,* Albert G. F. Machoke,” Jiirgen Bauer,” Ralf Dotzel,*

John L. Casci,”” Martin Hartmann,"’ and Wilhelm Schwieger

Abstract: We present the effect of different combinations of
intracrystalline pore systems in hierarchical ZSM-5 zeolites on
their performance as MTO catalysts. We prepared ZSM-5
zeolites with additional intracrystalline mesoporous, intracrystal-
line macropores and a novel ZSM-5 type zeolite with intra-
crystalline meso and macropores. The catalytic results showed
that both used catalysts with mesopores and macropores
exhibited three times longer catalyst lifetime compared to a
conventional catalyst. However, TGA analysis of the deactivated
catalysts showed much larger coke content in the mesoporous
catalyst than in the macroporous catalyst. Consequently, macro-

Introduction

Zeolites belong to the most important catalytic materials and
find widespread application as heterogeneous catalysts for
crude oil refining as well as for processes in petro chemistry
and fine chemistry.!" The crystalline framework of zeolites gives
rise to micropores with diameters ranging from 0.3 to 1.2 nm.
This pore diameters, similar to the dimensions of molecules,
give rise to the unique shape selective properties of zeolite
catalysts.”

[a]l Dr. T. Weissenberger, Dr. A. G. F. Machoke, Prof. W. Schwieger

Institute of Chemical Reaction Engineering

University of Erlangen-Nuremberg

Egerlandstr. 3

91058 Erlangen (Germany)

E-mail: tobias.weissenberger@fau.de

Dr. J. Bauer, Dr. R. Dotzel

Johnson Matthey Catalysts (Germany) GmbH

Bahnhofstr. 43

96257 Redwitz (Germany)

[c] Dr. J. L. Casci

Johnson Matthey Technology Centre

PO Box 1, Belasis Avenue

Billingham, TS23 1LB (UK)

Prof. M. Hartmann, Prof. W. Schwieger

Erlangen Catalysis Resource Center

University of Erlangen-Nuremberg

Egerlandstr. 3

91058 Erlangen (Germany)

Supporting information for this article is available on the WWW under

https://doi.org/10.1002/cctc.201902362

© © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

ChemCatChem 2020, 12, 2461-2468 Wiley Online Library

2461

fa, dl

pores predominantly led to reduced coke formation rate while
additional mesopores predominantly enhanced the resistance
against deactivation by coke. Combining both intracrystalline
meso and macropores in one catalyst lead to a tenfold increase
in catalyst lifetime. Besides the effect on the catalyst lifetime
there was also a strong effect of the additional pore systems on
the selectivity of the catalysts. The catalysts containing meso-
pores showed reduced selectivity to short chain olefins and
increased selectivity to larger hydrocarbons in comparison to
the catalysts without a mesopores system.

While the well-ordered micropore system of zeolites has
many advantages, the diffusion coefficients of molecules in the
micropores are very low.”

Thus, the utilisation of zeolites in catalysis is often limited
by slow diffusion of reactant species to the active sites confined
within the micropores and diffusion of products out of the
micropore system. These diffusion limitations result in reduced
utilisation of the zeolite crystal and can also led to reduced
selectivity or lifetime of zeolite catalysts.” In order to reduce or
eliminate these transport restrictions, it is desirable to reduce
the diffusion path length within the zeolitic micropores, by
either reducing the crystal dimensions (preparation of nano-
sized zeolites) or by introduction of an additional larger pore
system into the zeolite™ The second approach results in
hierarchically structured zeolites which consist of at least one
additional larger pore system interconnected to the zeolitic
micropores.**®

Hierarchically structured zeolites already showed superior
mass transport properties in comparison to conventional purely
microporous zeolites.”’ Resulting in enhanced catalytic perform-
ance in a number of test reactions such as e.g. catalytic
cracking,”® alkylation,” catalytic fast pyrolysis"® and methanol
to hydrocarbon conversion."”

Especially the conversion of methanol to hydrocarbons
(MTH) benefits greatly from the improved mass transport
properties of hierarchical zeolites.

The conversion of synthesis gas (H,, CO short Syngas),
produced from biomass, coal or natural gas, to hydrocarbons is
of great interest since it could be used to provide olefins and
fuels from non-oil feedstock."? An established process for the
conversion of syngas to hydrocarbons is the Fischer-Tropsch
process using e.g. Co or Fe based catalysts."® However, the
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conversion of syngas to methanol followed by conversion of
the methanol to hydrocarbons (MTH) over acidic zeolite or
zeotype catalysts can increase the product selectivity."” The
MTH reactions are therefore promising processes for the
upgrading of methanol to value added products such as olefins
(MTO), gasoline (MTG) and propene (MTP).'¥ Unfortunately the
catalysts are rapidly deactivated by deposition of coke within
the channels and cages or on the external surface of the zeolite
and subsequent blocking of the zeolitic micropores.'® This
catalyst deactivation makes a periodical regeneration of the
catalyst by oxidation of the accumulated coke necessary.

Hierarchical zeolites can facilitate a fast and effective
removal of larger hydrocarbons, which often act as coke
precursor species, and thus reduce coke formation and catalyst
deactivation.'” Beside this, many hierarchical zeolites also offer
a larger external surface area (e.g. due to mesopores) which
increases the resistance against deactivation by the deposited
coke.™®

Thus, hierarchically structured ZSM-5 zeolites (MFI topology)
could already demonstrate drastically increased catalyst life-
times in comparison to conventional, purely microporous
zeolite catalysts in the MTH reaction."® However, until now, the
focus of these studies was on mesoporous catalysts prepared
by desilication or soft templating approaches.'®*

While mesoporous ZSM-5 catalysts have been studied
extensively, very little is known about the effect of additional
macropores. Li etal. prepared a ZSM-5 catalyst with a small
degree of additional macroporosity and studied the catalytic
performance in MTO. However, the studied catalyst also
contained mesopores, making a differentiation of the effects of
meso and macropores challenging.”?" We could recently show
that additional intracrystalline macropores drastically enhance
the catalyst lifetime of ZSM-5 catalysts in the MTO reaction by
reducing the coke formation.??

In this work we compare the MTO performance of catalysts
with different combinations of pore systems: purely micro-
porous, micro/mesoporous, micro/macroporous and micro/
meso/macroporous with focus on coke formation and deactiva-
tion behaviour.

For the investigations, four ZSM-5 catalysts with similar bulk
properties were prepared: a) a conventional ZSM-5 catalyst
used as reference, prepared by hydrothermal synthesis, b) a
hierarchically structured ZSM-5 zeolite with intracrystalline
mesopores prepared by alkaline treatment, ¢) a hierarchically
structured ZSM-5 zeolite with large intracrystalline macropores
prepared by inverse crystallisation of mesoporous silica spheres
and d) a ZSM-5 zeolite with both intracrystalline meso and
macropores prepared by alkaline treatment of an macroporous
ZSM-5 zeolite. These catalysts were characterised and tested in
the MTO reaction under the same reaction conditions.

ChemCatChem 2020, 12, 2461 -2468 www.chemcatchem.org

Results and Discussion
Catalyst characterisation

For the study four different catalysts were prepared and
characterised. A conventional ZSM-5 zeolite and a macroporous
ZSM-5 zeolite were synthesised using hydrothermal and steam
assisted crystallisation. A fraction of these samples was then
subsequently alkaline treated to generate additional intra-
crystalline mesopores. So four different samples were obtained:
a) purely microporous, conventional ZSM-5 zeolite, b) mesopo-
rous ZSM-5 ¢) macroporous ZSM-5 zeolite and d) macro/
mesoporous ZSM-5 zeolite.

The diffraction patterns of the synthesised parent conven-
tional and macroporous zeolite samples, shown in Figure 1,
were typical for MFI zeolites. All pattern showed only MFI
typical reflections and no indication for the presence of phase
impurities. After alkaline treatment a small reduction in XRD
intensities were evident, which indicates a loss of crystallinity.
The decrease in crystallinity of the alkaline treated samples is
also evident in the calculated relative crystallinities, shown in
Table 1, which decreased during alkaline treatment by 15 and
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Figure 1. Powder XRD patterns of the different studied ZSM-5 zeolite
catalysts.

Table 1. Nitrogen sorption data of the used hierarchical ZSM-5 catalysts.

a) Conv. b) Meso  ¢) Macro  d) Macro/Meso
Si/Al®" mol mol™' 111 106 108 101
Coronsted” HMol g™' 188 187 190 186
Viiero® cm® g~ 0.17 0.13 0.18 0.12
Vi cm® g~ 0.225 0.350 0.261 0.391
Sgere m? g™ 419 418 431 436
Sexermn M2 g’ 28.6 121.9 35.0 183.0
HF© — 0.049 0.079 0.051 0.100

[a] Measured by ICP-OES, [b] Measured by NH,-TPD, [c] t-plot method
micropore volume. [d] DFT-method cumulative pore volume. [e] BET
specific surface area. [f] t-plot method external surface area. [g] Hierarchy
Factor calculated as reported by Pérez-Ramirez et al.””!
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18% for the conventional and macroporous ZSM-5 zeolites,
respectively.

The obtained conventional ZSM-5 zeolite, prepared by
hydrothermal synthesis, showed MFI typical coffin shaped
crystals with an average crystal length of about 700 nm (see
Figure 2). The synthesised macroporous zeolite consisted of
crystals with an average length of around 3 micron and
macropores were visible on the crystal surface. The macropores
were between 200 and 500 nm in diameter and exhibited an
average diameter, estimated by SEM, of about 360 nm.

The mesoporous ZSM-5 sample prepared by alkaline treat-
ment of the conventional zeolite showed non altered crystal
dimensions and crystal shape compared to the conventional
ZSM-5 zeolite.

The macro/mesoporous ZSM-5 sample prepared by alkaline
treatment of the macroporous sample also retained the crystal
shape and dimensions. Furthermore the intracrystalline macro-
pores were not affected by the alkaline treatment, thus the
sample shows the same average macropore diameter as the
parent macroporous zeolite. Worth mentioning are some
remains of the MSPs used as sacrificial template for the
synthesis of the macroporous zeolite which are still visible in
the SEM images of the sample (Figure 2 c). These residual MSPs
were not visible in the SEM images of the macro/mesoporous

Figure 2. SEM images of a) conventional ZSM-5, b) mesoporous ZSM-5, c)
macroporous ZSM-5 and d) macro/mesoporous ZSM-5.
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Figure 3. Nitrogen sorption isotherms of the different studied ZSM-5
catalysts, samples mesoporous ZSM-5 and macro/mesoporous ZSM-5 plotted
with an off set of 150 cm®g™".
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zeolite sample. It is very likely that the amorphous MSPs
residues were dissolved early in the alkaline treatment process.

Nitrogen sorption measurements proved the generation of
additional mesopores during the alkaline treatment (Figure 3).
The isotherms of the conventional and macroporous ZSM-5
samples were of IUPAC type |, characteristic for microporous
materials. After alkaline treatment both samples showed type IV
isotherms, which are characteristic for micro/mesoporous
materials.”” In contrast to the mesoporous sample, the macro/
mesoporous sample showed adsorption at lower relative
pressure indicating the presence of small mesopores.

The textural properties of the catalyst are shown in Table 1.
The conventional and the macroporous catalyst showed values
for BET surface area and micropore volume typical for purely
microporous MFI type zeolites, which is in good accordance
with the observed high crystallinity of these samples.

The mesoporous zeolite showed increased external surface
area and total pore volume, while the micropore volume
decreased during the alkaline treatment. Similar trends were
observed for the macro/mesoporous zeolite. However, the
generation of mesopores by alkaline treatment was slightly
more effective for the macroporous ZSM-5 zeolite than for the
conventional ZSM-5 and resulted in higher mesoporosity and
higher external surface area but also in further reduced micro-
pore volume. The higher effectiveness of the alkaline treatment
might be caused by the slightly higher external surface area of
the parent macroporous zeolite compared to the conventional
zeolite.

Again, the reduced micropore volume of the mesoporous
and macro/mesoporous zeolites are in good accordance with
the lower intensity observed by using XRD. The reduced
crystallinity and micropore volume of alkaline treated zeolites is
well known in the literature.”**® The pore size distribution
(Supporting information Figure-ESI-1) reveals that small meso-
pores between 2 and 20 nm were generated by the alkaline
treatment. Again, the slightly more effective mesopores gen-
eration for the macroporous zeolite is observable in the pore
size distribution.

The hierarchy factor (HF) of all four samples was calculated
as reported by Pérez-Ramirez and co-workers.””! and is given in
Table 1. The hierarchy factor compares the relative mesoporous
surface area (calculated using S,..../Sger) and the relative micro-
pore volume (Vicio/Viotal, prpo = 0.99) of the sample. Therefore, the
hierarchy factor is not applicable for hierarchical zeolites with
macropores. The hierarchy factor of the conventional ZSM-5
sample and the macroporous zeolites were relatively low, since
both samples do not contain mesopores. The hierarchy factors
of the mesoporous catalysts were higher with values of 0.07
and 0.1 for the mesoporous ZSM-5 zeolite and the macro/
mesoporous ZSM-5 zeolite, respectively. The higher HF of the
macro/mesoporous zeolite can be attributed to higher meso-
pore volume due to more effective alkaline treatment. The
obtained HF-values are comparable to values of hierarchically
structured zeolites prepared using post synthetic alkaline treat-
ment found in the literature.””” However, one must keep in
mind that the additional macropores are not considered in the
hierarchy factor.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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The chemical compositions of all prepared samples were
comparable as evident by similar Si/Al ratios measured by ICP-
OES (see Table 1). A slight decrease in the Si/Al ratios was
evident for alkaline treated samples. This increase in aluminium
content indicates a higher silicon removal compared to
aluminium removal.

The number of Brgnsted acid sites, determined by NH;-TPD,
was also comparable for all zeolite samples. All samples showed
values around 180 pmol desorbed ammonia per gram of zeolite
in H-form. The constant number of Brensted acid sites but
slightly higher aluminium content of the alkaline treated
samples might be caused by the formation of extra framework
aluminium species during the alkaline treatment. However,
both the differences in Brensted acid sites and chemical
composition are very small.

The presented NH,-TPD data does not give information
about the distribution of the acid sites. Since the different used
synthesis methods and post-synthetic treatments might alter
the distribution of acid sites, future detailed investigations of
the acid site distribution and surface acidity would give
important additional information about the zeolite properties.

In summary, zeolites with similar bulk characteristics but
different additional intracrystalline pore-systems (no additional
pores, mesopores, macropores and macro and mesopores) have
been prepared using different techniques.

Catalytic performance in the MTO reaction

MTO performance of the different catalysts was evaluated
under the same conditions. 50 mImin~' Helium, saturated with
methanol at 303 K, was passed through 100 mg of the catalyst
at 723K resulting in @ WHSV of 11 Qyethanot Jeatatyst ' N - The
products were analysed by using an online GC-FID. For the
conversion calculations, dimethyl ether (DME) was treated as a
reactant rather than a product.

The observed catalysts lifetimes of the zeolites differed
drastically when different additional pore systems were present
in the catalysts as visible in conversion of methanol and
dimethyl ether over time on stream in Figure 4.

The conversion of the conventional ZSM-5 catalyst declined
rapidly after 8 hours on stream, resulting in a complete loss of
catalytic activity after just 12 hours.

The deactivation of the mesoporous and the macroporous
ZSM-5 catalysts was slowed down drastically by their corre-
sponding additional pore system. In contrast to the conven-
tional catalyst, the mesoporous and macroporous catalysts
showed an extended period of complete conversion of 18 and
21 h time on stream, respectively.

The deactivation of the mesoporous catalyst was proceed-
ing slightly slower than observed for the macroporous catalyst.
This resulted in comparable lifetimes of the catalysts. The
macro/mesoporous catalyst showed complete conversion to
21 h comparable to the macroporous ZSM-5 catalyst. However,
the deactivation of the macro/mesoporous catalyst proceeded
much slower which resulted in significantly prolonged catalyst
lifetime. The catalyst lifetimes to 50% conversion were: conven-
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Figure 4. a) Conversion of methanol and DME over time on stream (whsv
11 gg'h™', T=723 K) and b) coke content in the corresponding, spent
catalysts measured by TGA after the last point in the conversion graph.

tional ZSM-5 10 h, mesoporous ZSM-5 28 h, macroporous ZSM-
5 32 h and macro/mesoporous ZSM-5 78 h.

The coke content in the four spent catalysts, after reaction
(measured by TGA after the last point in the conversion graph,
Figure 4a), is shown as bars in Figure 4 b). The spent conven-
tional and macroporous ZSM-5 catalysts showed comparable
coke content of 6.87 and 7.10 wt.—% after 18 and 39 hours on
stream, respectively. However, the deactivated mesoporous
ZSM-5 catalyst, after 38 hours on stream, did accumulate almost
double the amount of coke as the conventional and the
macroporous catalysts. The coke content in the spent catalysts
correlates well with the external surface area of the catalysts.

The conventional and macroporous catalysts showed almost
the same external surface area and deactivated with very similar
coke content. The mesoporous catalyst showed much higher
external surface area and consequently accumulated much
more coke in comparison to conventional and macroporous
catalysts. Those results are in good accordance with the
proposed deactivation of ZSM-5 catalysts by accumulation of
coke on the external surface area rather than within the
micropores.®®

Considering that the mesoporous and the macroporous
catalysts were deactivated more or less after the same time on

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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stream but show significant differences in their coke content,
their coke formation rate must differ greatly. Assuming linear
coke formation over the complete time on stream, the
mesoporous catalyst would have nearly double the coke
formation rate as the macroporous catalyst. Therefore, the
prolongation of the catalyst lifetimes observed for the meso
and macroporous catalysts were caused by different effects.
Additional macropores predominantly reduced the coke for-
mation during the reaction. Additional mesopores only led to
slightly reduced coke formation in comparison to the conven-
tional catalyst but predominantly enhanced the resistance
against deactivation by the accumulated coke due to enlarged
external surface area.

Both effects led to comparable catalyst lifetime, however
the reduced coke formation rate has several advantages. For
example the reduced coke formation results in higher selectivity
to hydrocarbons and the reduced coke content in the spend
catalyst facilitates the regeneration and can therefore reduce
the damage caused to the catalyst during the regeneration
(e.g. dealumination).

The observed coke content in the spent macro/mesoporous
catalyst was around 7 wt-% and was comparable to the
macroporous and conventional catalysts. However, the macro/
mesoporous catalyst was not completely deactivated and
therefore higher coke accumulation after complete deactivation
is likely. Nevertheless, the catalyst is unlikely to accumulate the
same coke amount as the mesoporous catalyst after complete
deactivation.

Considering the much longer lifetime of the macro/
mesoporous catalyst the resulting coke formation per time on
stream was significantly lower than the observed for the other
tested catalysts. This could be explained by the combination of
macropores and mesopores which both contribute to reduced
coke formation rate.

In future, it would be interesting to use spatially resolved
micro-imaging to investigate the catalytic behaviour and coke
formation of zeolites with different textural properties during
the reaction.”

The selectivity to the desired C,—C, olefins over time on
stream shows similar trends as the conversion (see Figure 5).
However, the catalysts differed in their initial selectivity to these
olefins. The conventional and macroporous catalysts showed
high selectivity of 77% while both the mesoporous and the
macro/mesoporous catalysts showed a lower selectivity of
around 72%. The selectivities of the conventional and macro-
porous catalysts were initially stable but started to decline after
5 and 9 hours on stream, respectively. In contrast, the selectivity
observed for meso and macro/mesoporous catalysts declined
right from the beginning of the reaction.

The observed selectivities of the conventional, macroporous
and mesoporous catalysts started to drop significantly at the
same moment the conversion started to fall below 1. However,
this trend was not evident for the macro/mesoporous catalyst
which showed a more or less steady decline in selectivity over
the complete reaction time.

As already mentioned, the macro/mesoporous catalyst
showed a reduced selectivity to short chain olefins in compar-
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Figure 5. Selectivity to short chain olefins of the different catalysts over time
on stream (whsv 11 gg~'h™', T=723 K)

ison to the conventional and macroporous catalysts. Never-
theless, the much slower deterioration of the selectivity led to
increased total olefin yield over the complete reaction time for
the macro/mesoporous catalyst.

The observed initial selectivity of the studied catalysts to
different hydrocarbon fractions, shown in Figure 6, revealed
significant differences between the mesoporous catalysts
(mesoporous and macro/mesoporous ZSM-5) and non-mesopo-
rous catalysts (conventional and macroporous ZSM-5). Both
mesoporous catalysts showed an increased selectivity to the C,
fraction and to larger C,_ hydrocarbons in comparison to their
parent conventional or macroporous ZSM-5 catalysts. The
alkaline treatment further resulted in a decrease in selectivity to
the C; hydrocarbons by 6%. The selectivity to C, and C;
hydrocarbons was not altered by the alkaline treatment and
was maintained for both alkaline treated conventional and
macroporous catalysts.

Fraction / mol %

Macro/Meso

Conventiona

Mesoporous ~ Macroporous

Figure 6. Initial product distribution after 3 h TOS for the different studied
catalysts (whsv 11 gg~'h™", T=723 K).
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The differences in selectivity between mesoporous and non-
mesoporous catalysts might have been caused by the increased
external surface area and the decreased crystallinity of the
mesoporous catalysts.

Interestingly, the methane concentration over the reaction
time represented the deactivation behaviour of the catalysts
very well (see Figure 7). An increasing methane selectivity was
reported to indicate coke formation, since methane is produced
by dehydrogenation of coke species with methanol and thus
represents the hydrogen rich by-product of the formation of
hydrogen-deficient coke.”

The highest coke formation was evident for the conven-
tional catalyst and this catalyst showed the highest methane
formation as well. The concentration of methane in the product
stream of the conventional catalyst increased very fast and
reached its maximum at 8 h time on stream, the same time the
conversion started to decline. After this time, the catalyst
deactivation inhibited further coke formation, which results in
reduced methane formation. The same trend was observed for
the mesoporous and macroporous catalysts. The mesoporous
and macroporous catalysts both showed increasing methane
formation to about 21 and 23 h, respectively. Then the
declining conversion led to decreasing methane concentrations
in the product streams. While both catalysts showed the same
trend, the methane formation overserved for the mesoporous
catalyst was higher which is in good accordance to the higher
coke content after reaction.

The macro/mesoporous catalyst showed a reduced methane
production and a different trend in comparison to the other
studied catalysts. The methane concentration in the product
stream of the macro/mesoporous catalyst increased very slowly
to about 50 h and then decreases again. The conversion graph
of the macro/mesoporous catalyst is not S-shaped as observed
for the other catalysts but rather a linearly decreasing. This
difference in conversion might explain the different methane
production over time on stream.

The methane formation is therefore an excellent indicator
for coke formation and catalyst lifetime of MTH catalysts and
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Figure 7. Methane concentration in the product stream over time on stream
(whsv 11 gg 'h™', T=723 K).
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could be used for fast catalyst screening without the need for
complete catalyst deactivation.

Conclusions

We could successfully prepare hierarchical ZSM-5 catalysts with
different types of additional, intracrystalline pore systems
(mesopores, macropores and a combination of both) while
keeping the bulk properties constant and use this set of
catalysts to study the effect of additional pore systems on the
catalytic performance in the MTO reaction. For the first time we
could prepare a novel type of macro/mesopore system by a
combination of invers crystallisation® and post synthetic
alkaline treatment.

All hierarchical catalysts showed prolonged catalyst lifetimes
in comparison to the conventional, purely microporous ZSM-5
catalyst. The catalyst with intracrystalline mesopores and the
catalyst with intracrystalline macropores showed comparable
lifetimes, nearly three times longer than the conventional ZSM-
5 catalyst. The hierarchical catalyst with an intracrystalline
system of both macro and mesopores showed a significantly
different catalytic behaviour: A drastically prolonged catalyst
lifetime (nearly 10 fold increase of time on stream to X=50%)
and a different course of deactivation.

The different ways mesopores and macropores effect the
catalyst deactivation is the other important outcome of this
study. The overserved coke formation indicated that additional
intracrystalline macropores predominantly reduced the coke
formation while additional mesopores mainly increased the
catalysts resistance against deactivation by coke due to
increased external surface area.

Another interesting finding was the reduced selectivity to
short chain olefins and in parallel increased selectivity to larger
hydrocarbons in case that mesopores are present in the
catalyst. The observed methane production reflected the
deactivation behaviour very well and was proven a good
indicator for the coke formation and thus for the catalyst
deactivation.

In general, we hope that we could demonstrate that
intracrystalline macropores, on their own or in combination
with mesopores, contribute to drastically enhanced catalytic
performance of ZSM-5 catalysts in the MTO reaction.

Experimental Section

Synthesis of conventional ZSM-5 catalyst

Conventional ZSM-5 crystals were prepared by hydrothermal syn-
thesis following our previous reported procedure.??

In a typical synthesis, 21.3 g of a 1 moll™' tetrapropylammonium
hydroxide solution (TPAOH, Sigma Aldrich) and 25 g deionised
water were stirred in a polypropylene bottle. Then 20 g tetraethy-
lorthosilicate (TEOS, Alfa Aesar) was added dropwise under
vigorous stirring. The mixture was stirred for 4 h before 0.36g
aluminium nitrate nonahydrate (Sigma Aldrich) dissolved in 25g
deionised water was added. The mixture was then stirred for one
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hour. The hydrothermal synthesis was performance in PTFE-lined
stainless steel autoclaves at 448 K for 48 h under static conditions.

After the synthesis, the zeolite sample was recovered by centrifuga-
tion, washed with DI water and dried overnight at 348 K.

Synthesis of macroporous ZSM-5 catalyst

Macroporous ZSM-5 zeolite catalysts were prepared following our
previously reported procedure using mesoporous, spherical silica
particles as sacrificial template.””?

Spherical mesoporous silica particles (MSPs) were synthesised as
reported by Machoke et al.?®! 2264 g ethanol (Merck Emsure) were
mixed with 830 g deionised water. Then 6.0 g hexadecyltrimeth-
ylammonium bromide (CTAB, >98% Sigma Aldrich) was dissolved
in the mixture before 130.4 g 25 wt.-% aqueous ammonia solution
(Merck Emsure) was added. The mixture was stirred for 1 h before
the synthesis was started by adding 18.8 g tetraethylorthosilicate
(TEOS, >99% Sigma Aldrich). The reaction was carried out under
stirring (250 rpm) for 2 hours at room temperature. Afterward, the
MSPs were recovered by centrifugation, washed three times with DI
water and ethanol and then dried overnight at 348 K.

To remove the surfactant the MSPs sample was calcined in a muffle
furnace at 823 K for 6 h under air flow (heating ramp=1.2 Kmin™).

For the synthesis of macroporous ZSM-5 type zeolite, 1.0 g of the
calcined MSPs were mixed with 3.15g of an aqueous 2 wt.-%
aluminium nitrate nonahydrate solution and then dried at 303 K for
3 h. Then the dried powder was mixed with 1.39 g of a 40 wt.-%
aqueous tetrapropylammonium hydroxide solution (Sigma Aldrich).
Afterward the impregnated MSPs were dried at 313K for 1.5h in a
convection oven. The dry powder was crushed and transferred into
PTFE crucibles. Steam assisted crystallisation was performed in
23 ml Parr autoclaves at 403 K for 72 h. After crystallisation, the
zeolite was recovered by filtration, washed extensively with DI
water and dried at 348 K for 12 h. To remove the structure-directing
agent, all zeolite samples were calcined in a muffle furnace under
300 |h™" airflow at 823 K for 6 hours (heating ramp 1.2 Kmin™").

Preparation of mesoporous and macro/mesoporous ZSM-5
catalyst

The mesoporous and macro/mesoporous ZSM-5 type catalysts were
prepared by alkaline treatment of the synthesised conventional and
macroporous ZSM-5 samples, respectively. The alkaline treatment
was performed as reported in the literature by Groen et al.**

500 mg of the calcined zeolite sample was stirred in 15 g of 0.2 M
aqueous sodium hydroxide solution at 333 K for 30 minutes. After
the alkaline treatment, the flask was cooled down using ice water
and the solid was recovered by centrifugation and washed with
water until a pH of 8 was reached. The samples were dried over
night at 348 K.

lon exchange

The zeolite samples were transferred into ammonium form by three
subsequent ion exchange steps with 1M aqueous ammonium
nitrate (Merck Emsure) solution at 338 K for 6 h (Wjqi4/Wseiq = 30).
After each ion exchange step the solid was recovered by
centrifugation, washed with water and dried at 348 K.

Before characterisation and catalytic testing, the ammonium form
of the zeolite samples were converted into the active proton form
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by calcination in a muffle furnace under 300 |h™" air flow at 823 K
for 4 h (heating ramp 1.2 Kmin™).

Catalyst characterisation

Powder XRD patterns were measured by using a Philips diffrac-
tometer equipped with a Cu—Ka X-ray-tube (40 kV, 40 mA).

Scanning electron microscopy (SEM) micrographs were taken by
using a Carl Zeiss ULTRA 55 microscope at a voltage of 1.5 to 3.0 kV
without pre-treatment of the samples.

Nitrogen sorption isotherms were measured at 77 K using a
Quantachrom Autosorb Sl. Before the physisorption measurements,
the samples were degassed at 523 K under vacuum for a duration
of 12 h.

Ammonia temperature programmed desorption (NH,;-TPD) experi-
ments were carried out using a Porotec TPD/R/O 1100 instrument.
Before measurement, the samples were degassed at 873 K under
Helium flow for 3 h. Ammonia adsorption was carried out at 393 K
for 30 min. Desorption measurements were then carried out by
heating the sample to 873 K with a heating ramp of 10 Kmin".

The chemical composition of the samples was measured by ICP-
OES using a Spectro Ciros CCD instrument. The samples were
digested (microwave assisted, 523 K, 30 min) in a mixture of HCl
(37 wt.—%, Merck Emsure), HNO; (65 wt.—%, Merck Emsure) and HF
(40 wt.-%, Merck Emsure) and diluted with deionised water prior
the measurements.

Catalytic testing

All MTO reactions were carried out under the same reactions
conditions using a continuous flow gas phase catalyst test rig. The
catalyst (100 mg) was mixed with silicon carbide (4 g, 47 grid) and
placed between two quartz wool beds in a tubular quartz glass
reactor. Initially, the catalysts were pre-treated at 723 K (heating
ramp 5 Kmin™') under 50 mImin~' He flow for one hour. Before the
reaction was started, several bypass measurements were taken. For
the reaction, 50 mImin~' Helium flow was saturated with methanol
at 303 K and passed through the catalyst bed resulting in a weight
hourly space velocity of 11gg'h™'. The Product stream was
analysed every 30 minutes by using a Varian 3900 GC equipped
with a 30 m Agilent Plot-Q column and flame ionisation detector.
For the conversion calculations, dimethyl ether (DME) was consid-
ered a reactant and not a product. The spent catalysts were
recovered and separated from the silicon carbide by sieving. The
coke content in the spent catalysts was then measured by using
TGA.
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