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Spatiotemporal coke formation over zeolite
ZSM-5 during the methanol-to-olefins process as
studied with operando UV-vis spectroscopy: a
comparison between H-ZSM-5 and Mg-ZSM-5+

Joris Goetze @ and Bert M. Weckhuysen (D}

In this work, during the methanol-to-olefins (MTO) reaction, the formation of hydrocarbon pool species as
well as the accumulation of coke and coke precursor molecules were monitored with operando UV-vis
spectroscopy. Using three UV-vis probes at different positions along the reactor bed simultaneously, the
formation of active species and coke along the reactor bed was measured. Two catalyst materials have
been compared with this operando approach: H-ZSM-5 with a Si/Al ratio of 50; and the same zeolite ma-
terial that was modified using magnesium. It was revealed using spatiotemporal UV-vis spectroscopy that
for both H-ZSM-5 and Mg-ZSM-5 a coke front is formed in the beginning of the reactor bed, and this coke
front travels through the catalyst bed. Once the coke front reaches the end of the bed, deactivation of the
catalyst material is observed. The magnesium modification resulted in extended lifetime of the catalyst, as
well as higher selectivity towards olefins compared to H-ZSM-5. Operando UV-vis spectroscopy data re-
vealed that the increase in lifetime of the catalyst was accompanied by a slower progression of the coke
front through the catalyst bed, and less formation of aromatic species, especially in the parts of the catalyst
bed behind the methanol conversion zone, i.e., behind the coke front. Additional experiments where MTO
products, i.e., ethylene and propylene, were fed to the reactor, showed that the formation of aromatic spe-
cies behind the methanol conversion zone on H-ZSM-5 are the result of aromatization of the products of
methanol conversion, such as ethylene and propylene. On Mg-ZSM-5, however, ethylene and propylene
were less reactive, resulting in less aromatics formation and a higher selectivity towards olefins. Based on
these results, a distinction was made between primary coke, i.e., coke that forms due to the conversion of
methanol into hydrocarbons, and secondary coke, i.e. coke that is formed when the MTO products, such
as propylene and ethylene, undergo subsequent aromatization further in the reactor bed. The reason for
the observed differences between H-ZSM-5 and Mg-ZSM-5 is that the Mg-modification results in a de-
crease in the number of Bronsted acid sites, as well as the creation of Lewis acid sites. The decrease in
Brensted acid sites limits the formation of secondary coke that is caused by olefin aromatization. This in
turn leads to the increased lifetime and higher observed olefin selectivity of Mg-ZSM-5 relative to
H-ZSM-5.

the hydrocarbon pool mechanism became the most widely ac-
cepted reaction mechanism for MTH over zeolite ZSM-5. In

In the methanol-to-hydrocarbons (MTH) process, hydrocar-
bons are produced from methanol using a zeolite or zeotype
catalyst. Over the years, there has been much discussion on
the exact mechanism of MTH processes. In the early days of
MTH, direct mechanisms were proposed, but more recently,
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this mechanism, methanol reacts with a pool of hydrocarbon
species that are either neutral or charged by the zeolite frame-
work." Direct mechanisms are still studied for their role in
the early stages of the MTH process, when the initial hydro-
carbon pool is built.>™* For ZSM-5-based MTH catalyst mate-
rials, the dual-cycle mechanism was proposed, which is a
more specific version of the hydrocarbon pool mechanism. In
this mechanism, two cycles that have different active species,
i.e., the aromatic and the alkene cycle, both contribute to the
overall product formation, depending on catalyst and
conditions.”® In the aromatic cycle aromatic intermediates

This journal is © The Royal Society of Chemistry 2018
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are alkylated by the methanol feed, and the main product due
to dealkylation of these alkylated aromatics is ethylene. In the
alkene cycle, however, olefinic intermediates are methylated
into longer chains, and cracking of these longer alkenes re-
sults in product formation, mainly propylene and larger
alkenes.

During the MTH process, formation of coke results in the
deactivation of the catalyst material, either by filling the
pores of the catalyst, or by forming a layer of coke on the
outside, thereby blocking access to the active sites of the
catalyst."® Studying the nature and evolution of the hydro-
carbon pool and the formation of coke species is important
in order to understand the MTH reaction over zeolite cata-
lysts. In situ and operando spectroscopic techniques, such as
nuclear magnetic resonance (NMR)," Raman,'" infrared,">"?
and UV-vis spectroscopy’®'® have been used to study active
intermediates as well as the formation of coke species inside
the zeolite during the reaction. The MTH process is an auto-
catalytic process, meaning that the initial products that are
formed in the beginning of the reaction act as catalytic cen-
tre for the reaction. Because of this, most studies are
performed at a methanol conversion of 100%."° It has been
shown before that during MTH over ZSM-5 in a plug-flow re-
actor only a small part of the catalyst bed is needed to ob-
tain a methanol conversion of 100%. This means that in the
beginning of the reaction, the remaining part of the catalyst
bed does not see methanol, but only reaction products.
When the first part of the catalyst bed deactivates due to
coke formation, the next part of the bed is used to convert
methanol. This “coke front” progresses through the bed un-
til the entire catalyst bed is deactivated.'”*°">> However, not
all MTH catalysts exhibit the same deactivation behaviour
along the reactor bed, and understanding these spatiotem-
poral processes is important for understanding deactivation
of MTH catalysts.>*

The products of the MTH process over ZSM-5-based cata-
lysts are olefins and gasoline-like products, including small
aromatic molecules and paraffins. Currently, however, efforts
are more directed toward the production of lower olefins,
more specifically propylene.”>** Increasing lower olefin se-
lectivity can be done using different approaches, one of
which is choosing the pore structure of the zeolite catalyst.
When small-pore zeolite frameworks with large cages, inter-
connected by small eight-ring windows, such as CHA, are
used as catalyst, only aliphatic products are observed, since
aromatics that are formed inside the zeolite framework are
trapped and cannot exit through the eight-ring pores. There-
fore, small-pore zeolites have a very high selectivity toward
the formation of lower olefins, and in this case the process
is called methanol-to-olefins (MTO). However, medium-pore
zeolite frameworks with ten-ring pore systems, such as MFI,
are generally more stable and more resistant against coking
than small-pore zeolites. Therefore, other approaches than
shape selectivity to increase lower olefin yields are also
applied, including tuning reaction conditions, e.g., by
converting methanol at low pressures and high temperatures
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over ZSM-5, olefins selectivity increases.”>*>® Another ap-
proach that is often used is changing the properties of the
catalyst materials. Tuning the acid strength and acid site
density by varying Si/Al ratio is often used in order to influ-
ence lifetime and selectivity of the catalyst.>**” Furthermore,
many different post-synthetic modifications have been ap-
plied to influence catalyst lifetime and selectivity. Introduc-
ing alkaline earth metals, such as Ca and Mg, into the zeo-
lite material has shown to have a large effect on increasing
propylene selectivity and lifetime of the catalyst, although
the exact origin of this effect is still debated.”*’

In this work, the formation of active species and the accu-
mulation of coke species inside the zeolite catalyst during
the MTO process were monitored using operando UV-vis
spectroscopy, while the methanol conversion and product
formation were monitored with online gas chromatography
(GC). We have compared a regular H-ZSM-5 sample with Si/Al
ratio of 50 with the same sample that was modified using
Mg. Using three UV-vis probes at different positions along
the reactor bed simultaneously, the formation of active spe-
cies and coke along the bed as well as the progression of the
coke front through the catalyst bed could be measured. We
will discuss this spatially resolved spectral information in
view of the distinct differences between these two zeolite
samples, and by doing so gather new information on the hy-
drocarbon species involved in the formation of coke along
the catalyst bed.

2. Experimental
2.1 Materials synthesis and characterization

Two ZSM-5 zeolites with MFI topology were obtained from
BASF SE (Ludwigshafen, Germany). One sample was in its
protonic form, with a theoretical Si/Al ratio of 50. The other
sample was obtained via spray impregnation of the aforemen-
tioned sample with a magnesium nitrate solution, as de-
scribed in the patent of Gaab et al.*®

To study the morphology of the zeolite materials, scan-
ning electron microscopy (SEM) was performed on the sam-
ples using an FEI XL 30 SFEG microscope operating at 15 kV
with magnifications up to 600 kV.

X-ray diffraction (XRD) patterns were obtained using a Bruker
D8 Advance powder diffractometer system, equipped with a
Lynxeye detector, using Co-K,;, radiation (1 = 1.79026 A). XRD
patterns were recorded from 5-60° 26 with a step size of 0.1° 26.

To determine the Si/Al ratio and the amount of magne-
sium in the zeolites, the samples were digested in an
aqueous mixture of 1% HF and 1.25% H,SO,. Subsequently,
elemental analysis was done by inductively coupled plasma
optical emission spectrometry (ICP-OES), on a PerkinElmer
Optima 4300 DV instrument.

Ar physisorption measurements were performed to assess
the zeolite porosity using a Micromeritics TriStar 3000 at a
temperature of —196 °C. Before the measurement, the sam-
ples were dried under vacuum at 400 °C for 20 h. The
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micropore area and volume were determined using the ¢-plot
method.

Temperature programmed desorption of NH; (NH;-TPD)
was performed to assess the amount of acid sites. NH;-TPD
was performed on a Micromeritics Autochem II 2920
equipped with a TCD detector. Before the adsorption of NH;
at 200 °C, ~100 mg of zeolite was heated to 600 °C in N, flow
for 1 h. After NH; adsorption, the sample was flushed with
N, for 1 h at 200 °C to remove physisorbed NH;. Subse-
quently, temperature programmed desorption of the
adsorbed NH; was performed at a rate of 5 °C min " to 600
°C.

Adsorption of CO followed by FT-IR spectroscopy was
performed to obtain more information on the nature of acid
sites. A self-supporting catalyst wafer was heated under vac-
uum to 450 °C to remove adsorbed water. Subsequently, the
vacuum cell was cooled down to —-196 °C using liquid N,. The
CO pressure was increased stepwise to ~1 mbar. FT-IR spec-
tra were recorded using a PerkinElmer 2000 spectrometer in
transmission mode.

The methanol used for catalytic testing was obtained from
Acros, HPLC grade (99.99% pure).

2.2 Operando UV-vis spectroscopy along the reactor bed

Combined operando UV-vis spectroscopy and online activity
measurements were performed in a quartz, rectangular
fixed-bed reactor (ID 6 mm x 3 mm), with a weight hourly
space velocity (WHSV) of 5 ¢ ¢ ' h™" at a reaction tempera-
ture of 500 °C. In all experiments, 200 mg of catalyst was
used, with a particle size of 0.2-0.4 mm, resulting in a bed
height of ca. 18 mm. A He flow with a methanol saturation
of ca. 25% was obtained by flowing He as carrier gas
through a saturator containing methanol at ca. 37 °C.
Operando UV-vis spectra were obtained at three places along
the reactor bed (at ca. 3, 9, and 15 mm) simultaneously,
using three AvaSpec 2048L spectrometers, each connected to
a high-temperature UV-vis optical fibre probe, which was
used to collect spectra in reflection mode. Online analysis of
the reactant and reaction products was performed using an
Interscience Compact GC, equipped with an Rtx-wax and
Rtx-1 column in series and an Rtx-1, Rt-TCEP and Al,Oj/
Na,SO, column in series, both connected to an FID detector.
A schematic of the setup is shown in Fig. 1; and further de-
tails on the operando set-up have been reported in earlier
publications from our group.'®'”*”
Methanol conversion was calculated as follows:

Methanol conversion= [MeOHi"] _ [MeOH"“']
[MeOH, |

The selectivity toward products was based on carbon
atoms and calculated using:

_ n[CnHm]
~ [MeOH,,]-[MeOH,,, |

in

Selectivity
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3. Results

3.1 Materials characterization

The morphology of the two zeolite-based catalyst materials,
ie., H-ZSM-5 and Mg-ZSM-5, was studied using scanning
electron microscopy (SEM) and the results are shown in
Fig. 2a and b. The zeolite crystals under study have a diame-
ter of 100-200 nm and the morphology and crystal size do
not change upon Mg treatment. ICP-OES analysis was used to
determine the Si/Al ratio, as well as the amount of Mg in the
samples. The results are summarized in Table 1.

The zeolite materials were also analysed using X-ray dif-
fraction (XRD). Fig. 2c shows the XRD patterns for the two
different materials. From these XRD measurements, it is visi-
ble that the catalyst materials are pure zeolite ZSM-5 (MFI to-
pology), and Mg-modification does not induce any noticeable
changes in the crystallinity of the samples. This indicates
that Mg is most likely not in framework positions.

The amount of acid sites of both zeolite materials was de-
termined using temperature-programmed desorption (TPD)
of NH;, the normalized desorption curves are shown in
Fig. 2d. The fresh zeolite H-ZSM-5 sample shows a desorption
peak with a maximum around 340-380 °C, which can be
assigned to Brensted acid sites. Upon magnesium modifica-
tion, the area under the curve increases, indicating an overall
increase in acid sites. At the same time, the maximum of the
peak shifts to below 300 °C, indicating that the strength of
acid sites decreases upon the Mg treatment. The total
amount of acid sites is obtained by integrating the area un-
der the desorption curves, and is presented in Table 1 for H-
ZSM-5 and Mg-ZSM-5.

The porosity of the zeolite material was investigated using
Ar physisorption. The BET surface area (Sggr), as well as the
micropore area and volume (Spicro and Viiero) are reported in
Table 1. All reported variables become lower after Mg modifi-
cation, but from SEM and XRD there is no sign that the zeo-
lite framework itself has changed. This indicates that Mg spe-
cies are present both inside and outside the zeolite pores,
thereby reducing the surface area and pore volume of the ze-
olite. If the Mg would be present only as counterions
balancing the negative charge on the zeolite framework, a
Mg/Al of 0.5 would be expected. However, the Mg/Al ratio is
more than ten times higher, indicating that the presence of
other Mg species, such as magnesium oxides or magnesium
hydroxides is expected.

To investigate the nature of the acid sites, adsorption of
CO at low temperature followed by FT-IR spectroscopy was
applied. The OH-stretch region was used to assess the
amount and strength of Bregnsted acid sites, whereas the CO-
stretch region was used to assess both Lewis and Brensted
acidity. The shift of the OH-peak upon adsorption of CO was
taken as a measure for the strength of the Brensted acid
sites. For the unmodified zeolite H-ZSM-5, the FT-IR spectra
are shown in Fig. 3. Three distinct peaks are visible in the
OH-region of the FT-IR spectrum. Above 3700 cm ™", there is a
sharp peak that can be attributed to isolated Si-OH groups,

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic of the operando UV-vis spectroscopy reactor setup, including a photograph of the oven into which the three high-temperature
UV-vis probes are inserted at three distinct positions along the reactor bed. Left the three UV-vis spectrometers are shown, revealing the possibility
to record UV-vis spectra at different positions along the reactor bed simultaneously. Activity measurements are performed by online GC analysis.

at the external surface of the catalyst. A second peak, at 3619
em™ is due to Brensted OH-groups. A third broad peak
around 3500 cm ™" is due to silanol nests.*®*® Upon adsorp-
tion of CO, the peak at 3619 cm™ is shifted to 3295 cm ™.
This peak shift of 324 em™ upon CO adsorption is a mea-
surement of Brensted acid strength.*® The FT-IR spectra for
Mg-ZSM-5 are presented in Fig. 4. The peak due to Bronsted
acid sites at 3622 cm ™" is smaller compared to H-ZSM-5, indi-
cating that at least some of the Mg is located at the Bronsted
acid sites, altering the nature of the acid sites. However, there
is still some Bronsted acidity left in the modified zeolites,
even though there is an excess of Mg present in the samples.
This indicates that either not all Bronsted sites are affected
by the Mg-treatment, or that new Bronsted acid sites are cre-
ated. However, the peak shift upon CO adsorption, used to
measure the strength of the Bronsted acid sites, is 323 cm™
for Mg-ZSM-5, almost identical to H-ZSM-5. This makes it
most likely that not all Brgnsted acid sites are affected by the
Mg modification, rather than that new Brensted acid sites
are created. Another effect of the Mg-treatment is that the
broad band due to silanol nests is removed, suggesting that

This journal is © The Royal Society of Chemistry 2018

part of the Mg is present in defect locations of the zeolite
framework.

The CO-stretch region gives information about how the
C-0 bond is perturbed upon adsorption of CO (gas phase ab-
sorbance at 2143 cm™"), and therefore it can be used to assess
the presence of both Bronsted and Lewis acid sites.*®3° A
shift of the CO band towards higher wavenumbers means
that CO is adsorbed on an acid site. Absorption bands that
occur >2180 cm ' indicate the presence of Lewis sites,
whereas bands between 2180 and 2140 cm™ occur when CO
is adsorbed to a Bregnsted acid site. Physisorbed CO gives rise
to a band at 2137 cm™'. For both Brensted and Lewis acid
sites, the magnitude of the shift relative to the band position
of physisorbed CO indicates the strength of the acid site. For
zeolite H-ZSM-5 (Fig. 3), three FT-IR peaks are observed in
the CO region, ie., at 2176 cm ™", 2159 cm ™", and 2137 cm™".
These bands can be attributed to Bronsted acid sites, silanol
groups, and physisorbed CO, respectively. No bands above
2180 cm™* were observed, which is expected for zeolite H-
ZSM-5 without the presence of extra-framework Al species. Af-
ter the Mg-treatment, the same bands, caused by Brensted

Catal. Sci. Technol., 2018, 8, 1632-1644 | 1635
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(@) Scanning electron microscopy (SEM) micrograph of zeolite H-ZSM-5, (b) SEM micrograph of zeolite Mg-ZSM-5, (c) X-ray diffraction

(XRD) patterns of zeolite H-ZSM-5 (black), and Mg-ZSM-5 (red), and (d) NH3-temperature-programmed desorption (TPD) profiles for H-ZSM-5
(black), and Mg-ZSM-5 (red), the area under the curve indicates the amount of acid sites.

acid sites, silanol groups, and physisorbed CO are visible.
However, as evident from Fig. 4, there are more FT-IR bands
present in the CO-region. Lewis acid sites of different
strength are created, which give rise to absorbance peaks at
2213 em ', 2202 em ™ and 2187 cm ™', These Lewis acid sites
can be due to several different Mg species inside the zeolite
pores, e.g.,, Mg>* or MgO, species or a combination of Mg
and a zeolite acid site.”®

3.2 Catalytic performance

The catalytic performances of zeolites H-ZSM-5 and Mg-ZSM-
5 were examined and compared in the operando UV-vis setup,
as described in Fig. 1. The MTO reaction was performed at
500 °C using a WHSV of 5 ¢ g ' h™', and both methanol con-
version and product formation were monitored using online
GC-analysis. At the same time, the formation of hydrocarbon
species was followed at three positions along the catalyst
bed. In this way, formation of both active species and coke
(precursor) species along the reactor bed could be observed
in a spatiotemporal manner, and this formation and evolu-
tion of hydrocarbon species could be linked to the catalytic
performance that was measured simultaneously. The activity

data is shown in Fig. 5, and catalyst lifetime and selectivity to-
ward the main products are reported in Table 2. The selectivities
in Table 2 are averaged over the time until deactivation of the
catalyst, ie., until methanol conversion <80%. In the GC
analysis, C,-Cs; hydrocarbons were separated and detected,
whereas Cq, hydrocarbons were detected but not separated well.
Therefore, selectivity towards Cg. and coke was calculated using
100% - selectivityc;-cs. From the activity data, it is clear that the
Mg-treatment increases the catalyst lifetime and that Mg-
treatment also increases the selectivity towards propylene, C,-
and Cs-olefins while decreasing the selectivity towards ethylene
and paraffins. The decrease in ethylene selectivity together with
an increase in selectivity toward C;-Cs olefins, as well as a de-
crease in paraffin selectivity indicate that the Mg modification
has an influence on the MTO mechanism. More specifically,
these changes in selectivity indicate that the alkene cycle be-
comes more important relative to the aromatic cycle.

3.3 Operando UV-vis spectroscopy

3.3.1 Primary and secondary coke. In this work, operando
UV-vis spectra were taken at three positions along the reactor
bed during the MTO process over both H-ZSM-5 and Mg-

Table 1 Physiochemical properties of the two investigated zeolite ZSM-5 materials

Sample Si/Al Mg (Wt%) Mg/Al # acid sites (mmol gear ') Sper (cm” g7) Smicro (cm® g7") Viniero (em® g7")
H-ZSM-50 54 0 — 0.24 385 307 0.140
Mg-ZSM-50 55 3.6 5.4 0.34 281 239 0.109

1636 | Catal Sci. Technol, 2018, 8, 1632-1644
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Fig. 3 FT-IR spectra before (black) and after (red) admission of CO to zeolite H-ZSM-5 at -196 °C; (a) the OH-stretch region and (b) the CO-

stretch region.

ZSM-5. It is known that in the MTO process typically only a
small part of the catalyst bed, which is referred to as the
methanol conversion zone, is needed in order to achieve
100% methanol conversion. Once this small part of the bed
has deactivated due to the formation of coke, the next part of
the catalyst bed becomes the methanol conversion zone, etc.
In this way, a deactivating “coke front” travels through the
catalyst bed during the MTO process. Once this coke front,
which was described as a “cigar burn” by Haw et al., has
reached the end of the catalyst bed, deactivation of the cata-
lyst is observed in the activity data.® In order to investigate
the progression of the coke front through the catalyst bed
with increasing time-on-stream, the increase in UV-vis absor-
bance, which can be used as a measure for the amount of
coke on the zeolite catalyst, was followed at three positions
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along the bed during the MTO process on both H-ZSM-5 and
Mg-ZSM-5. The UV-vis absorbance at 10000 cm™, a region
where poly-aromatic species absorb light, was used. However,
if the absorbance at another wavenumber is used, the devel-
opment of the coke front is very similar, because apart from
the formation of a few distinct absorption bands in the be-
ginning of the reaction which will be described in the next
section, the main change in operando UV-vis spectra is an in-
crease in absorbance over the complete spectral range. The
catalytic performance during the operando UV-vis experi-
ments was described in the previous section and is presented
in Table 2. The methanol conversion and formation of coke,
i.e., the UV-vis absorbance at 10000 cm ', at the three posi-
tions along the reactor vs. time-on-stream are shown in Fig. 6
and 7 for H-ZSM-5 and Mg-ZSM-5, respectively.
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Fig. 4 FT-IR spectra before (black) and after (red) admission of CO to zeolite Mg-ZSM-5 at -196 °C; (a) the OH-stretch region and (b) the CO-

stretch region.
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Fig. 5 Catalyst activity and selectivity toward ethylene (black), propylene (red), C4 olefins (green), Cs olefins (dark blue), and paraffins (light blue)

for (a) H-ZSM-5, and (b) Mg-ZSM-5.

For H-ZSM-5, there is rapid coke formation along the en-
tire catalyst bed. After ca. 2 h, coke formation in the middle
and bottom of the reactor slows down, whereas the absor-
bance at the top keeps increasing until the maximum absor-
bance of ca. 1.4 is reached. After that, the UV-vis absorbance
in the middle of the bed quickly increases until its maxi-
mum. Subsequently, after the maximum absorbance is
reached in the middle of the catalyst bed, the absorbance at
the bottom of the catalyst bed increases to its maximum. At
this moment, catalyst deactivation is observed in the product
analysis. The successive increase in absorbance from the top
to the bottom of the reactor can be seen as the progression
of the coke front through the reactor. However, in the begin-
ning of the reaction, there is rapid coke formation in the
middle and bottom of the reactor, although the methanol
conversion zone is still at the top of the catalyst bed. This ef-
fect has been observed and discussed before by other re-
search groups, and this coke formation is caused by second-
ary reactions of species that are formed in the methanol
conversion zone.”**' Because this coke is formed from sec-
ondary reactions rather than from the conversion of metha-
nol into olefins, we define this coke as “Secondary coke”. The
blue area under the absorbance graph of the middle and bot-
tom of the reactor in Fig. 6 indicates the formation of sec-
ondary coke. The coke front, i.e. the coke that is formed in
the methanol conversion zone, originates directly from the
conversion of methanol into olefins. We define this coke as
“Primary coke”, and when the absorbance due to primary
coke reaches its maximum in a certain part of the catalyst
bed, that part of the bed is deactivated. Consequently, it is
observed that when the primary coke has reached a maxi-
mum in the bottom part of the reactor, deactivation is ob-

served in the activity data. When the UV-vis absorbance at
the three positions along the reactor bed is plotted vs. time
at different wavenumbers, i.e., at 30000 and 40000 cm ™, a
similar pattern along the bed is observed (ESLj Fig. S1 and S2).

For Mg-ZSM-5, the initial increase in UV-vis absorbance in
the middle and bottom of the catalyst bed, i.e., the formation
of secondary coke, is much slower than for H-ZSM-5. For the
primary coke, a similar pattern as for H-ZSM-5 is observed,
the absorbance increases first in the top of the reactor, until
the maximum absorbance is reached. Subsequently, primary
coke formation starts in the middle of the catalyst bed, and
after that, in the bottom of the bed. Once the primary coke
has reached its maximum in the bottom of the bed, similarly
to H-ZSM-5, catalyst deactivation is observed. The slower for-
mation of secondary coke indicates that less coke is formed
because of secondary reactions of products formed in the
methanol conversion zone. Because of the fact that less sec-
ondary is coke formed, Mg-ZSM-5 deactivates slower than H-
ZSM-5, which causes the much longer lifetime of the catalyst
before deactivation. The reason for the slower formation of sec-
ondary coke in Mg-ZSM-5 will be discussed in section 3.3.3.

Secondary coke is (poly)aromatic in nature, which can be
seen by the lower absorbance due to secondary coke at 30 000
and 40000 cm™ (Fig. S1 and S2 of the ESI{), the spectral re-
gion where aliphatic species absorb light, compared to the
absorbance at 10000 cm™, where (poly)aromatic species ab-
sorb light. The absorbance caused by primary coke, however,
is similar at 10000, 30000, and 40000 cm *, indicating that
primary coke is less dominated by aromatics and consists of
both aliphatic and aromatic species.

3.3.2 Operando UV-vis spectra in the first 2 h of the MTO
process. In the previous section, the absorbance at a single

Table 2 Comparison between the selectivity toward main products and catalyst lifetime of H-ZSM-5 and Mg-ZSM-5

Selectivity (%)

Sample Ethylene Propylene C, olefins Cs olefins Paraffins Ce+ *+ coke Catalyst lifetime (h)
H-ZSM-5 10 22 10 3 18 37 16.2
Mg-ZSM-5 6 37 20 8 5 24 54.7

1638 | Catal. Sci. Technol., 2018, 8, 1632-1644
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wavenumber was used to follow the coke front through the
reactor bed. This is because of the fact that during the largest
part of the reaction, the UV-vis spectra are very broad, and no
individual UV-vis bands can be observed. However, in the be-
ginning of the reaction, some distinct UV-vis bands are ob-
served. In this section, the MTO process was run for 2 h, un-
der the same conditions as the results described above. After
2 h, the reaction was quenched, the reactor was taken out of
the setup, and a photograph of the reactor was taken.

The photograph of the H-ZSM-5 catalyst bed and the corre-
sponding operando UV-vis spectra for the first 2 h of reaction
are shown in Fig. 8. In the top of the reactor, a black zone is
clearly visible, while the rest of the reactor bed appears grey/
blue after 2 h of reaction. The corresponding UV-vis spectra
show the highest absorbance at the top of the reactor, caus-
ing the catalyst to appear black at the top, whereas the UV-vis
spectra of the other parts of the reactor show a lower absor-
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Fig. 7 UV-vis absorbance at 10000 cm™ for Mg-ZSM-5 at the three
positions along the reactor bed vs. time-on-stream. Secondary coke,
caused by conversion of MTO products is indicated in blue, and pri-
mary coke caused by conversion of methanol is indicated in grey.
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bance. The blue colour is caused by a higher absorbance be-
low 25000 cm™ than above 25000 cm™, In the spectra taken
along the reactor bed during the first 2 h of reaction, a num-
ber of UV-vis absorption bands are seen. Band assignments
were done according to earlier work from our group.'” In the
first few UV-vis spectra (in the first minutes of the reaction) a
band at around 35000 cm ' is formed, as well as a band at
around 24000 cm '. Subsequently, absorption bands at
21000, 17500, and 13000 cm™* are formed. The UV-vis ab-
sorption bands at wavenumbers below 25000 cm™ overlap
and form a large, convoluted band. From previous operando
UV-vis spectroscopy work on the MTO process, it is known
that the spectral region below 25000 cm™ is dominated by
neutral and charged aromatic species."”*° It has been shown
before that the wavenumber at which aromatics absorb light
decreases with increasing size of the aromatic molecule.*'
The formation of the large convoluted band below 25000
cm™ can therefore be interpreted as the formation of neutral
and charged aromatic species of increasing size with increas-
ing time-on-stream. After the initial period where absorbance
of these UV-vis bands increases quickly, the absorbance over
the complete range of wavenumbers increases, indicating the
formation of extended coke species, probably at the outside
of the zeolite crystal. With increasing time-on-stream, this
general darkening over the complete spectral range becomes
dominant, and the spectral features become broader. The ab-
sorbance after 2 h is higher at the top of the reactor than at
the other two positions, but the shape of general shape of
the spectrum is very similar.

The photograph of the Mg-ZSM-5 catalyst bed and corre-
sponding UV-vis spectra for the first 2 h of reaction are
shown in Fig. 9. Similar to H-ZSM-5, the Mg-ZSM-5 bed is
darker at the top than at the other two positions along the
bed. However, the colour is clearly different from H-ZSM-5.
The top of the catalyst bed has become grey, whereas the rest
of the bed has remained white. The corresponding UV-vis
spectra of Mg-ZSM-5 also differ from the spectra of H-ZSM-5.
At the top of the Mg-ZSM-5 bed, an absorption band around
40000 cm ™" is formed in the beginning of the reaction. The
band around 35000 cm™ is present as a shoulder, but less
intense than in the case of H-ZSM-5. Subsequently, formation
of absorption bands around 24 000, 17 500 and 13 000 cm ™" is
also observed, but the bands are much less intense than in
the case of H-ZSM-5. Similar to H-ZSM-5, an increase in ab-
sorbance in the complete range of wavenumbers is observed,
but the increase is much slower. In contrast to H-ZSM-5, the
absorbance below 25000 cm™ is not much higher than above
25000 cm™', causing the zeolite to appear grey instead of
blue. In the middle and bottom of the bed, spectral features
are observed at similar wavenumbers compared to the top of
the reactor. However, the absorbance is much lower than at
the top of the catalyst bed, explaining why the catalyst in the
middle and bottom of the reactor still appears white after 2 h
of reaction.

3.3.3 Conversion of ethylene and propylene. The MTO pro-
cess is an autocatalytic process, and hydrocarbon species that

Catal. Sci. Technol., 2018, 8, 1632-1644 | 1639
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Fig. 8 (a) Photo of the reactor bed of H-ZSM-5 after 2 h of catalysing methanol-to-olefins (MTO) process. (b) Corresponding operando UV-vis
spectra at three positions along the reactor bed. (c) Operando UV-vis spectra after 2 h conversion of a mixture of propylene and ethylene. There
are large similarities between the spectra obtained during methanol conversion and during olefin conversion.

are formed in the early stages of the reaction act as catalytic
centre during the MTO process. These catalytic centres are
very reactive, and in most cases, 100% conversion of metha-
nol is achieved already in a small part of the catalyst bed, the
methanol conversion zone. When all methanol is already
converted in the top of the catalyst bed, it means that metha-
nol initially does not reach the rest of the catalyst bed. In-
stead, in the beginning of the reaction, the lower parts of the
bed are exposed to the reaction products of the MTO process,
i.e., olefins, as well as some aromatics and paraffins. In order
to investigate the effect of only these MTO reaction products,
an additional set of experiments was performed in which the
two catalyst materials under study were exposed to typical
MTO reaction products, i.e., ethylene, propylene, and an equi-
molar mixture of ethylene and propylene. In these experi-
ments, respectively, ca. 2% of ethylene, 2% propylene, or 2%
ethylene plus 2% propylene in He was led over a fresh cata-
lyst bed at 500 °C, and the conversion was monitored using
online GC analysis. In the same way as during the MTO reac-
tion, operando UV-vis spectra were recorded at three positions
along the reactor bed. In Table 3, the average conversion dur-
ing the first 2 h of reaction of ethylene, propylene, and an
equimolar mixture of ethylene and propylene are listed. The
results clearly show that MTO reaction products, such as eth-
ylene and propylene, are much more reactive on H-ZSM-5
than on Mg-ZSM-5. Furthermore, for both H-ZSM-5 and Mg-

1640 | Catal Sci. Technol., 2018, 8, 1632-1644

ZSM-5, propylene is more reactive than ethylene. The main
reaction products during the conversion of these MTO prod-
ucts are other olefins, indicating that the catalyst acts as an
oligomerization/cracking catalyst under these reaction condi-
tions. However, some paraffins are also formed (ca. 10% se-
lectivity). Because paraffins have a higher H/C ratio than ole-
fins, it means that species with a lower H/C ratio, such as
aromatics, also have to be formed.

In Fig. 8c, the operando UV-vis spectra of H-ZSM-5 taken
during the first 2 h of feeding a mixture of ethylene and
propylene are shown. The spectra, i.e., band positions as well
as intensities, are very similar to the UV-vis spectra during
the MTO process, but without the coke front at the top of the
reactor. This indicates that the secondary coke that accumu-
lates inside the zeolite during the MTO process is indeed
caused by secondary reactions of MTO products, such as eth-
ylene and propylene, rather than directly by the conversion of
methanol. The operando UV-vis spectra during the first 2 h of
conversion of a mixture of ethylene and propylene over Mg-
ZSM-5, which are shown in Fig. 9c, are also comparable to
the spectra during the first 2 h of the MTO process. Absorp-
tion bands around 40000 cm ' and 33000 cm ™' are formed,
similar to the formation of these bands in the middle and
bottom of the catalyst bed during methanol conversion. How-
ever, the small UV-vis bands below 25 000 cm ™" visible during
the MTO process, an indication for the formation of aromatic

This journal is © The Royal Society of Chemistry 2018
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(a) Photo of the reactor bed of Mg-ZSM-5 after 2 h of catalysing methanol-to-olefins (MTO) process. (b) Corresponding operando UV-vis

spectra at three positions along the reactor bed. (c) Operando UV-vis spectra after 2 h conversion of a mixture of propylene and ethylene. The
large increase in absorbance seen in the top of the bed during MTO is not visible during olefin conversion.

species, are not present during the conversion of ethylene
and propylene over Mg-ZSM-5. The increase in UV-vis absor-
bance during ethylene and propylene conversion over Mg-
ZSM-5 proceeds slowly compared to H-ZSM-5, at a similar
rate compared to the middle and bottom of the Mg-ZSM-5
catalyst bed during methanol conversion. The coke front,
which is visible during the conversion of methanol, is not
present during the conversion of ethylene and propylene over
Mg-ZSM-5.

For both H-ZSM-5 and Mg-ZSM-5, the UV-vis spectra dur-
ing ethylene and propylene conversion are similar to the UV-
vis spectra of the secondary coke formation during the MTO
process, whereas the coke front that was observed during the
MTO process is not visible during ethylene and propylene
conversion. This indicates that the primary coke formation
during the MTO process is indeed caused by methanol con-
version, and the formation of secondary coke is caused by
the secondary reactions of MTO products, such as ethylene

Table 3 Conversion of typical MTO products during the first 2 h of
reaction

Conversion (%)

Sample Ethylene Propylene Ethylene + propylene
H-ZSM-50 5 53 31
Mg-ZSM-50 0 8 7

This journal is © The Royal Society of Chemistry 2018

and propylene. The slower secondary coke formation on Mg-
ZSM-5 compared to H-ZSM-5 during the MTO process corre-
sponds to slower coke formation during the conversion of
ethylene and propylene.

4. Discussion
4.1 Spatiotemporal effects along the reactor bed

During the MTO process, hydrocarbons are retained on the
zeolite catalyst material; active species that are part of the hy-
drocarbon pool, and coke (precursor) molecules that lead to
deactivation of the catalyst. As observed before by several re-
search groups, deactivation of the catalyst as well as accumu-
lation of hydrocarbon species proceeds along the catalyst bed
during the MTO reaction.>>*' Because 100% methanol con-
version is already achieved in a small part at the beginning
of the catalyst bed, the rest of the catalyst bed is not
subjected to methanol in the beginning of the reaction, but
rather to MTO reaction products. The results presented above
show that the maximum amount of coke on the catalyst cor-
responds with an absorbance of ca. 1.6 at 10000 cm ™', and
that the catalyst is deactivated when this maximum absor-
bance is reached. When the first part of the catalyst bed is
deactivated, methanol is converted in the next part of the
bed, until that part of the bed is deactivated as well. In this
way, a deactivating coke front that travels through the

Catal Sci. Technol., 2018, 8, 1632-1644 | 1641
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catalyst bed is observed. Only when the last part of the cata-
lyst bed becomes deactivated, deactivation is apparent in the
activity data as well, and methanol is not 100% converted
anymore. This general pattern is observed for both H-ZSM-5
and Mg-ZSM-5.

However, there are also large differences between the two
samples. First of all, the time before deactivation is observed
in the activity data, i.e., the time until the coke front reaches
the end of the catalyst bed, is 16.2 h for H-ZSM-5, compared
to 54.7 h for Mg-ZSM-5, an increase in catalyst lifetime by a
factor of 3.4. Furthermore, behind the coke front, much more
secondary coke is formed on H-ZSM-5 compared to Mg-ZSM-
5. When 100% conversion of methanol is achieved already in
the first part of the catalyst bed, it means that the rest of the
bed is subjected to MTO products, such as ethylene and
propylene. Feeding these MTO products as reactant over the
catalyst showed that they were much more reactive on H-
ZSM-5 than on Mg-ZSM-5. During the conversion of MTO
products, ie., ethylene and propylene, over H-ZSM-5, aro-
matic hydrocarbons were formed and retained on the cata-
lyst. The nature and amount of these retained hydrocarbons,
i.e., UV-vis band positions and absorbance, were very similar
to the spectral features of the secondary coke that was
formed behind the coke front during methanol conversion,
as can be seen in Fig. 8. Contrarily, on Mg-ZSM-5, MTO prod-
ucts, ie., ethylene and propylene, were much less reactive
than on H-ZSM-5. Conversion of these MTO products over
Mg-ZSM-5 resulted in much less retained hydrocarbons com-
pared to H-ZSM-5, similar to the low amounts of secondary
coke formed during methanol conversion over Mg-ZSM-5, as
can be seen in Fig. 9. The lower amount of secondary coke
formed in Mg-ZSM-5 during MTO is the reason for the slower
progression of the coke front and longer catalyst lifetime
compared to H-ZSM-5.

4.2 Effect of magnesium modification

The results discussed above show that the magnesium modi-
fication of zeolite ZSM-5 causes a change in acidic properties
of the zeolite material, i.e., a decrease in the amount of
Bronsted acid sites and silanol nests, and the generation of
Lewis acid sites. Another effect of the magnesium modifica-
tion is the decrease of surface area and pore volume. The de-
crease of the amount of Bronsted acid sites and pore volume
upon modification of zeolite ZSM-5 with magnesium or other
alkaline earth metals has been reported by numerous
groups.”®?>** 1t has been shown previously that at reaction
conditions similar to the conditions used in this study, H-
ZSM-5 can be used as an olefin aromatization catalyst.*>*" It
was noted that for effective aromatization, strong acid sites
were required, and that decreasing the amount of strong acid
sites led to decreased aromatic formation during olefin con-
4748 por the MTO reaction, we showed that the aro-
matization of MTO products, ie., propylene and ethylene,
was mainly responsible for the aromatics formation on H-
ZSM-5 in the parts of the catalyst bed after the methanol con-

version.
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version zone. Other researchers have also shown that second-
ary reactions of MTO products formed in the first layer of the
catalyst bed lead to the formation of aromatic species.*® Mod-
ification with magnesium lead to a decrease in amount of
strong acid sites, lowering the formation of aromatics from
olefins, and therefore increasing olefin selectivity and catalyst
lifetime. For zeolite SSZ-13, it has been shown before that se-
lective removal of paired Al sites using bivalent ion Cu®" ions
led to an increased catalyst lifetime.” It is possible that a de-
crease in paired Al sites also plays a role in the increased life-
time of these Mg-ZSM-5 catalysts. Another factor contributing
to decreased aromatics formation on Mg-ZSM-5 can be the
decreased micropore volume, making the pores too small for
aromatics to be formed inside the zeolite pores. For these
reasons, during the conversion of methanol, the Mg-
modification resulted in an increased olefin selectivity, as
well as slower formation of secondary coke, and therefore an
increased catalyst lifetime. It is also possible that the Lewis
acid sites that are created by the alkaline earth modification
play a role in the changed deactivation behaviour of Mg-ZSM-
5. However, at this point, the exact role of the Lewis acid sites
remains unclear.

Because of the decreased olefin aromatization in the Mg-
ZSM-5 sample, low aromatic formation was observed during
MTO, and from the low amount of aromatics present it can
be concluded that methanol conversion proceeds mainly via
the alkene cycle, i.e. via methylation of alkene intermediates
rather than methylation of aromatic intermediates. More aro-
matics formation was observed during the MTO process on
regular H-ZSM-5, so it is possible that the MTO process over
H-ZSM-5 proceeds via the aromatic cycle. However, it is also
possible that the methanol conversion over H-ZSM-5 pro-
ceeds mainly via the alkene cycle as well, and that aromatics
formation is caused mainly by the conversion of MTO prod-
ucts, i.e., olefins, into aromatics.

5. Conclusions

During the methanol-to-olefins (MTO) process over zeolites
H-ZSM-5 and Mg-ZSM-5, operando UV-vis spectroscopy was
performed at three positions along the reactor bed. For both
zeolite materials, a coke front was observed, which
progressed through the catalyst bed. Once this coke front
reached the end of the catalyst bed, catalyst deactivation was
observed. We have defined this coke, that is the result of the
conversion of methanol into olefins, as primary coke. Apart
from this primary coke that is formed in the methanol con-
version zone, in the parts of the reactor bed behind the meth-
anol conversion zone, coke formation caused by secondary
reactions of MTO products was also observed. This coke was
defined as secondary coke. Additional experiments, in which
typical MTO products, i.e., ethylene and propylene, were used
as reactants, showed that this secondary coke is the result
from aromatization of olefins, which are produced in earlier
parts of the catalyst bed during MTO. On H-ZSM-5, secondary
coke formation occurs much faster and much more

This journal is © The Royal Society of Chemistry 2018
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pronounced than on Mg-ZSM-5. The reason for this is that
olefin aromatization is reduced on Mg-ZSM-5, because of the
altered acidic properties of the zeolite material; the amount
of strong Brensted acid sites is reduced by the magnesium
modification. The fact that olefin aromatization is less pro-
nounced on Mg-ZSM-5 results in a higher observed selectivity
toward lower olefins for Mg-ZSM-5 compared to H-ZSM-5.
Furthermore, since the secondary coke formation is slower,
Mg-ZSM-5 has a 3.4 times longer lifetime than H-ZSM-5.
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