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ABSTRACT: The nature and evolution of the hydrocarbon
pool (HP) species during the Methanol-to-Olefins (MTO)
process for three small-pore zeolite catalysts, with a different
framework consisting of large cages interconnected by small
eight-ring windows (CHA, DDR, and LEV) was studied at
reaction temperatures between 350 and 450 °C using a com-
bination of operando UV−vis spectroscopy and online gas
chromatography. It was found that small differences in cage
size, shape, and pore structure of the zeolite frameworks result
in the generation of different hydrocarbon pool species. More
specifically, it was found that the large cage of CHA results in
the formation of a wide variety of hydrocarbon pool species,
mostly alkylated benzenes and naphthalenes. In the DDR cage,
1-methylnaphthalene is preferentially formed, while the small
LEV cage generally contains fewer hydrocarbon pool species. The nature and evolution of these hydrocarbon pool species was
linked with the stage of the reaction using a multivariate analysis of the operando UV−vis spectra. In the 3-D pore network of
CHA, the reaction temperature has only a minor effect on the performance of the MTO catalyst. However, for the 2-D pore
networks of DDR and LEV, an increase in the applied reaction temperature resulted in a dramatic increase in catalytic activity.
For all zeolites in this study, the role of the hydrocarbon species changes with reaction temperature. This effect is most clear in
DDR, in which diamantane and 1-methylnaphthalene are deactivating species at a reaction temperature of 350 °C, whereas at
higher temperatures diamantane formation is not observed and 1-methylnaphthalene is an active species. This results in a differ-
ent amount and nature of coke species in the deactivated catalyst, depending on zeolite framework and reaction temperature.
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1. INTRODUCTION

Lower olefins (C2−C4) are important base chemicals used in
many applications, such as the catalytic production of various
plastics, including high- and low-density polyethylene (HDPE,
LLDPE) and polypropylene (PP).1 Traditionally, these lower
olefins are produced from crude oil fractions.2 However, in view
of a more sustainable future and the depletion of crude oil
reserves, alternative sources of energy and materials have to be
developed. The production of fuels and lower olefins from
sources other than crude oil, for example, via methanol, can play
an important role in the change to a society that is less dependent
on crude oil. This process is called the Methanol-to-Hydrocarbon
(MTH) process. Methanol can be synthesized from synthesis
gas, which can be produced from virtually any carbon source.
This means that not only coal and natural gas can be used in the
MTH process, but also more sustainable resources, such as

biomass and waste. The MTH process is catalyzed by zeolite or
zeotype catalysts, which contain Brønsted acid sites that provide
the catalytic activity. Zeolites have a well-defined micropore
structure, and the pore dimensions of these materials are impor-
tant in determining the final product distribution.When themain
products of the MTH process are lower olefins, the process is
referred to as Methanol-to-Olefins (MTO).3 Zeolite frameworks
with medium-sized pores, such as MFI (i.e., ZSM-5), generally
yield products in the gasoline range, but the selectivity toward
lower olefins can be increased by tuning the properties of the
catalyst and the reaction conditions.3−5 Small-pore frameworks,
such as CHA (i.e., SAPO-34 and SSZ-13), are very selective
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toward the formation of lower olefins, because larger organics
that are formed inside the zeolite cannot exit as reaction
products. Recently, besides the CHA framework, other small-
pore zeolites, such as LEV, DDR, AEI, RHO, KFI, ITH and AFX,
have also been identified as interesting candidates for the
MTO process.6−14 Small differences in the framework topology
of these small-pore zeolites can have a large effect on both
product selectivity and the intermediate species involved in the
MTO process.6,15,16 For instance, DDR catalysts exhibit a high
selectivity toward ethylene and propylene over C2 and C3

paraffins due to their pore structure.7,17

Since the beginning of this century, the most widely accepted
mechanism for MTO processes is the hydrocarbon pool (HP)
mechanism.3,18 In this mechanism, the active site for the
production of olefins is the combination of a Brønsted acid site
and a pool of retained hydrocarbon species, which can be either
neutral or charged by the zeolite framework. However, the exact
nature of the hydrocarbon pool and detailed reaction mechanism
are still the subject of debate, and depend on the type of zeolite
framework, i.e., the exact mechanism for MTO over medium-
pore zeolites, such as MFI, differs from the mechanism for
small-pore zeolites, such as CHA.5,19−23 The main reason for
deactivation of MTO catalysts is the formation of carbonaceous
deposits, or coke, during the reaction. These carbonaceous
deposits can originate from hydrocarbon pool species which are
not active in producing olefins anymore, or they can be formed at
the external surface of the zeolite crystals. Therefore, a distinction
can be made between deactivation caused by filling all zeolite
pores with carbonaceous deposits, and by coke located at the
external surface of the zeolite, which prevents access to the
zeolite pores.3,5,23,24

In situ and operando spectroscopy methods, such as UV−vis,
IR and X-ray spectroscopy, are very useful tools for following the
formation of these hydrocarbon pool species inside zeolite
materials during the conversion of methanol or other reactants.
This can lead to a better understanding of the mechanism and
deactivation of zeolite-based catalysts.3,25−28 The hydrocarbon
pool consists of volatile species, such as olefins and (poly)enyl
species, as well as neutral and charged aromatic structures, which
absorb ultraviolet and visible light. The species that are retained
and accumulate inside the zeolite can be followed especially well
with spectroscopic methods. Previously, UV−vis spectroscopy
has been applied to follow the formation of coke during different
catalytic reactions including MTO, both on bulk samples29−31

and on the individual particle level.32,33 Besides coke deposits,
MTO intermediates have also been studied with in situ UV−vis
spectroscopy, relating the UV−vis spectra of the catalyst material
to the stage of the reaction.22,25,29,31,34−38

In this study, operando UV−vis spectroscopy (i.e., UV−vis
spectroscopy combined with online product analysis), as well as
chemical analysis of the carbonaceous deposits that are formed
during the conversion of methanol over small-pore zeolites, was
applied to gain more insight into the MTOmechanism as well as
into the evolution of the hydrocarbon pool. More specifically, a
comparison was made between three different zeolite frame-
works that consist of large cages that are interconnected by eight-
ring windows, i.e., CHA (zeolite SSZ-13), DDR (zeolite Sigma-1),
and LEV (zeolite Nu-3). The dimensions and shapes of these
zeolites and their cages are shown in Table 1. By comparing
the aluminosilicate versions of the selected zeolite frameworks,
the acid strength of the materials was kept constant in order to

Table 1. Framework Properties and Acidity of the Zeolite Materials under Investigation
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make the comparison based on the differences in framework
structure as relevant as possible.

2. EXPERIMENTAL SECTION

2.1. Materials and Their Synthesis. The synthesis
procedures of the zeolites under study were taken from existing
recipes with some modifications from the open literature.39−42

In all cases, Ludox HS-40 was used as silica source and NaAlO2 as
alumina source. All chemicals were purchased from Sigma-
Aldrich unless specified otherwise and were used without any
further purification.
Zeolite SSZ-13 with CHA topology was synthesized according

to Zhu et al.41 using N,N,N-trimethyl-1-adamantammonium
hydroxide (TMAdaOH) provided by SACHEM Inc. as structure
directing agent (SDA) and gel composition TMAdaOH/
NaOH/SiO2/Al2O3/H2O = 20:20:102.8:2.2:4400. At first, 25%
of TMAdaOH solution was mixed with a solution of 0.077 g
of sodium aluminate and 0.32 g of sodium hydroxide in 8.51 g
of deionized water. When the solution became clear, 6.95 g of
Ludox HS-40 and 17.26 g of deionized water were added and
kept for aging for 4 h under constant stirring. The obtained
mixture was transferred to autoclaves and subjected to hydro-
thermal synthesis at 160 °C for 120 h.
Zeolite Sigma-1 with DDR topology was synthesized as

described in Stewart’s patent43 using 1-adamantylamine (ADA)
as SDA and gel composition of ADA/Na2O/SiO2/Al2O3/H2O =
20:3:60:1:2400. Crystals were obtained via hydrothermal syn-
thesis of the gel in an autoclave at 180 °C for 144 h. The detailed
synthesis procedures can be found elsewhere.17,44

Zeolite Nu-3 with LEV topology was also synthesized
according to Stewart’s patent40 using ADA as SDA and a gel
compos i t i on o f ADA/Na2O/S iO2/A l 2O3/H2O =
20:3.5:60:3.5:2400. In a typical synthesis, 10.66 g of Ludox
HS-40 was mixed with 3.6 g of ADA and 30.4 g of deionized
water and stirred for 15 min, followed by the addition of 0.67 g of
sodium aluminate dissolved in 14.64 g of deionized water.
The obtained mixture was aged for another 30 min and then
transferred to autoclaves and subjected to hydrothermal
synthesis at 200 °C for 160 h.
The obtained zeolite crystals were thoroughly washed with

deionized water and dried overnight. All three zeolite materials
obtained by the above-described recipes were further subjected
to ball-milling following the exact methodology as described
elsewhere.17 Subsequent syntheses of zeolites with CHA, DDR,
and LEV topology were performed by seed-assisted growth using
the ball-milled crystals with corresponding topology as seed
solution (0.1 wt %). The amount of Al in each gel composition
was modified in such a way to obtain the desired Si/Al ratio,
whereas the synthesis time was reduced to 16 h. The as-synthe-
sized crystals were calcined for 10 h at 650 °C independently on
the zeolite topology and were converted to their protonic forms
by triple ion-exchange in aqueous NH4NO3 solution (1 M,
80 °C, 2 h, 100 mL per gram of zeolite) followed by calcination at
550 °C.
The methanol, HPLC grade (99.99% pure), used for catalytic

testing was obtained from Acros Organics.
2.2. Materials Characterization. Temperature-pro-

grammed desorption of NH3 (NH3-TPD) was performed on a
Micromeritics Autochem II 2920 equipped with a TCD detector.
Before the adsorption of NH3 at 100 °C, ca. 100mg of zeolite was
heated to 600 °C in N2 flow for 1 h. After that, the sample was
flushed with N2 for 1 h at 100 °C to remove physisorbed NH3.

Subsequently, temperature-programmed desorption of the
adsorbed NH3 was performed at a rate of 5 °C/min to 600 °C.
CO adsorption followed by IR spectroscopy was performed on

self-supporting catalyst wafers of ca. 15 mg, which were placed in
a vacuum cell. After heating the wafer in vacuum for 1 h at
400 °C, the cell was cooled to −196 °C using liquid N2. After
that, the CO pressure was gradually increased to ca. 10 mbar and
IR spectra were recorded with a PerkinElmer 2000 FT-IR spec-
trometer.
To determine the Si/Al ratio of the zeolites, the samples were

digested in an aqueous mixture of 1% HF and 1.25% H2SO4.
Subsequently, elemental analysis was done by inductively coupled
plasma-optical emission spectrometry (ICP-OES), on a Perki-
nElmer Optima 4300 DV instrument.

2.3. Operando UV−vis spectroscopy. Catalytic testing
was performed using 50 mg of catalyst in a quartz, rectangular
fixed-bed reactor (ID = 6mm× 3mm) with a weight hourly space
velocity (WHSV) of 1 g g−1 h−1. A sieve fraction of 0.2−0.4 mm
zeolite particles was used, and the resulting bed length was
ca. 5 mm. A He flow with a methanol saturation of ca. 13% was
obtained by flowing He as carrier gas through a saturator con-
taining methanol at 20 °C. Operando UV−vis spectra were
obtained using an AvaSpec 2048L spectrometer connected to a
high-temperature UV−vis optical fiber 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 Al2O3/Na2SO4 in series, both
connected to an FID detector. Details of the experimental setup
can be found in earlier papers of the Inorganic Chemistry and
Catalysis group of Utrecht University.29,45−47

Methanol conversion was calculated as follows:

=
−

methanol conversion
[MeOH ] [MeOH ]

[MeOH ]
in out

in

The yield of the hydrocarbons was based on carbon atoms and
calculated using

=Yield
n[C H ]

[MeOH ]
n m

C H
in

n m

2.4. Characterization of Retained Hydrocarbons.
Hydrocarbons trapped inside the catalyst material after catalytic
testing were analyzed by dissolving the zeolite framework, fol-
lowed by extracting the hydrocarbons using CH2Cl2. Typically,
15 mg of spent catalyst was dissolved in 1 mL of a 45% HF
solution in a Teflon container. The organic compounds were
extracted from the water phase two times by the addition of 1 mL
CH2Cl2. Analysis of the extracted phase was performed on a
Shimadzu GCMS-QP2010 GC/MS system, equipped with an
Agilent VF-5 ms column.
To quantify the amount of coke formed during methanol

conversion, thermogravimetric analysis (TGA) was performed
on the spent catalyst samples. Ca. 10 mg of spent catalyst was
heated in O2 flow to 800 °C to burn off the carbonaceous
deposits, after drying in N2 flow for 1 h at 150 °C. The weight loss
during this process was recorded using a PerkinElmer Pyris 1
TGA attached to a mass spectrometer.

3. RESULTS AND DISCUSSION
3.1. Bulk Characterization. Table 1 summarizes the

bulk characterization data of the zeolite materials under study.
The crystal size of the three samples was determined by SEM, as
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shown in Figure S1, and was typically between 200 and 800 nm.
The Si/Al ratio of the material was measured using ICP-OES.
The acidity of the different catalyst materials was assessed
with NH3-TPD and by IR spectroscopy using CO as a probe
molecule. The NH3 desorption curves of all of the samples show
two peaks, one low-temperature peak at 167 °C and one
high-temperature peak above 400 °C, corresponding to weak and
strong acid sites, respectively (Figure S2).48 The total amount
of acid sites was obtained by integrating the area under the
desorption curves and strongly corresponds to the amount of
Brønsted acid sites calculated from the Si/Al ratio of the
catalyst (Table 1). The Si/Al ratio is lower for DDR and LEV
than for CHA, resulting in a higher concentration of accessible
Brønsted acid sites. However, since the number of acid sites per
cage is still well below 1, the chance that a cage contains more
than one acid site is low, so this is not expected to change the
mechanism of the reaction. The temperature for the high-
temperature desorption peak is slightly lower for DDR than for
the other two framework structures (i.e., 405 vs 435 and
425 °C, see Table 1 and Figure S2), which could indicate that
the strength of the Brønsted acid sites in DDR is lower than
in the other two zeolites. To verify this, the Brønsted acid
strength was determined by performing CO adsorption at low
temperatures, followed by IR spectroscopy (Figure S3).
The shift of the IR peak originating from OH-vibrations of
Brønsted acid sites upon adsorption of CO, which is measured
under equilibrium conditions, gives a more precise indication
of the acid strength.49 The measurements reveal a very similar
acid strength for the three zeolite frameworks under study.
On the basis of the above-discussed measurements, we can
conclude that, for the purpose of this work, a comparison of the
different zeolite frameworks based on their structural differ-
ences (i.e., their pore structure and cage size) the amount and

strength of acid sites of the different frameworks show a good
enough similarity.

3.2. Catalytic Performance. The catalytic activity of the
different zeolite materials for the conversion of methanol into
olefins was tested at three different reaction temperatures,
i.e., 350, 400, and 450 °C. The conversion of methanol and
formation of products were monitored using online GC analysis
and are discussed in this section, whereas the formation of the
hydrocarbon species inside the zeolite crystals was analyzed using
operando UV−vis spectroscopy. The latter will be discussed in a
later section. However, it is important to stress that both types of
measurements were done in the same experimental setup and at
the same time; in other words, the reported experiments are
performed under true operando spectroscopy conditions.
During the experiment, all catalyst materials exhibit a short

induction period, followed by a period in which 100% of the
methanol is converted. During this phase, methanol is converted
into the main products: ethylene, propylene, and butylene.
In addition, small amounts of dimethyl ether (DME), C5 olefins,
and paraffins are formed. Methanol conversion and yields of
C2−C4 olefins are shown in Figure 1. The maximum total yield of
C2−C4 olefins follows the order: CHA > DDR > LEV. For LEV,
the total yield of C2−C4 olefins is lower compared to the other
two frameworks, and the other products are mainly C5 olefins
and DME. Small amounts of paraffins, mainly methane and
propylene, are formed for all frameworks and their yields are
presented in Figure S4. Larger products, such as aromatics, that
are unable to leave the material because of the size of the eight-
ring windows, are retained inside the zeolite. In general, the
formation of propylene stays relatively constant with increasing
time-on-stream and with reaction temperature during the period
of 100% conversion. However, the formation of ethylene increases
with increasing reaction temperature and also with increasing

Figure 1. Catalytic performance and yields of C2−C4 olefins during the conversion of methanol for (a) CHA, (b) DDR, and (c) LEV zeolites at a
reaction temperature of 350, 400, and 450 °C at a WHSV of 1 h−1.
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time-on-stream. Simultaneously, the butylene yield decreases
with increasing time-on-stream. After this period, the activity
drops quickly. At that point, we observe that the remaining
conversion of methanol is toward the production of DME. Since
DME is often used as a reactant in the MTO process, the catalyst
is not considered active anymore when DME is the main product
formed.
We defined the start of deactivation as the point where

methanol conversion drops below 90%. The amount of methanol
that is converted before deactivation, which is summarized in
Table 2, is higher for CHA than for DDR and LEV. A combination

of different factors can explain the higher stability for CHA. First
of all, CHA has the highest volume of cages per gram of material,
which results in a longer active period before all pores of
the material are filled with deactivating species.50 Also, CHA
contains fewer acid sites per cage, which is known to have a
beneficial effect on the lifetime of zeolite MTO catalysts.3,51

Finally, the 3-D pore structure of CHA leads to less diffusion
limitations, whichmakes it easier for bothmethanol and products
to diffuse through the crystals and results in a higher stability
against pore blockage. Furthermore, the catalytic stability of
DDR and LEV increases at higher reaction temperatures,
whereas for CHA the stability is relatively independent of the
reaction temperature. This indicates that the mechanism of
deactivation is different for the different frameworks and at
different reaction temperatures.
3.3. Analysis of the Retained Hydrocarbons. To quantify

the amount of coke formed in the zeolite catalysts, the spent
catalyst samples were analyzed using thermogravimetric analysis
(TGA) after removing them from the operando spectroscopy
reactor setup. In an O2 flow, the spent samples were heated to
800 °C, resulting in the combustion of the retained hydrocarbon
species. The total weight loss during this process is summarized
in Table 2 and was used to measure to what extent the pores of
the spent zeolite catalyst were filled. The maximum amount of
carbonaceous deposits that can fit inside the pores of the three
zeolite frameworks was calculated, assuming that a single DDR
cage can accommodate two benzene molecules or one heavily
branched coke molecule.7 The cage volumes were calculated
considering the cages as cylinders, with the dimensions reported
in Table 1. Based on this, the maximum amount of coke is
ca. 17 wt % for CHA, ca. 12 wt % for DDR and ca. 15 wt % for
LEV.52 Since the amount of coke in the deactivated catalyst
samples of CHA for reaction temperatures of 350 and 400 °C is
more than the amount that can fit inside the cages, it means that
external coke also has to be present. This is supported by the high
intensity of the IR-band at 3735 cm−1 for the CHA sample,
indicating that more external acidity is present in CHA than in
the other two frameworks, causing the formation of external coke.

The fact that more external coke is usually observed at higher
reaction temperatures makes it likely that external coke will also
play a role at a reaction temperature of 450 °C. When external
coke is also present in the CHA sample used for MTO at 450 °C,
it means that the pores of the catalyst are less filled than the
samples used at 350 and 400 °C. For the DDR and LEV zeolites,
the amount of coke determined by TGA does not exceed
the maximum amount that can be contained inside the cages.
However, the presence of external coke cannot be ruled out.
The pores of the DDR and LEV catalysts are completely filled
with carbonaceous deposits at reaction temperatures of 400 and
450 °C, whereas at a reaction temperature of 350 °C, the pores of
the catalyst are not completely filled. In the cases where all pores
are filled, it is likely to be the reason for deactivation of the
catalyst, because it is impossible for methanol and the products to
diffuse through the pores. In the cases where not all pores are
filled, the reason for deactivation is assumed to be pore blockage,
either by species in the outer regions of the catalyst particles, or
by external coke.
Identification of the hydrocarbons inside of the deactivated

catalyst was obtained by the dissolution of the spent zeolite
samples in a concentrated HF solution, which allows the trapped
hydrocarbon species to be analyzed. After dissolution of the
framework, the hydrocarbons were extracted using dichloro-
methane (DCM) and GC/MS analysis of the solution was
performed to give more insight in the chemical nature of the
hydrocarbon pool species. With this method, only the soluble
fraction of the coke can be analyzed. Large coke species, such as
what forms at the outside of the zeolite, are not soluble in DCM
and will not be extracted.53,54 The chromatograms are shown in
Figure 2. Identification of most species was done using a library
of mass spectra. However, to confirm the presence of 1-methyl-
naphthalene and diamantane, reference materials were used,
which confirmed that these species were indeed present.
For CHA, the chromatograms show a broad distribution

of species ranging from methylated benzenes to methylated
naphthalenes and pyrene. At higher reaction temperatures, the
average number of methyl groups on methylated naphthalenes is
greater than the amount of methyl groups at lower reaction
temperatures.
For DDR, the main species in the extracted hydrocarbons are

alkylated naphthalenic species. At 400 and 450 °C, the most
abundant peak in the GC/MS spectrum is from 1-methylnaph-
thalene. At 350 °C, the presence of diamantane is also observed
in DDR. This is in agreement with previous studies in which
similar diamondoid species have been reported during the
conversion of methanol at low temperatures.55 The resemblance
of diamantane with 1-adamantylamine, the SDA used in the
synthesis of Sigma-1 DDR zeolites, is most likely the reason for
the stability of these diamantane molecules in the DDR cages
at low reaction temperatures. To ensure that the diamantane
found in DDR was not formed from residual SDA, a fresh
DDR sample was also dissolved in HF, but neither diamantane
nor 1-adamantylamine was found.
For LEV, at reaction temperatures of 400 and 450 °C, mainly

naphthalene was present in the spent catalyst and almost no
larger species were detected. Comparing the size of the LEV cage
with the size of methylated naphthalene species, it is very likely
that methylated naphthalenes do not fit inside the LEV cages.31

For the sample that catalyzed the reaction at 350 °C, almost
no naphthalene was extracted from the spent catalyst, but methyl-
ated benzenes were present. This indicates that the deactivation of

Table 2. Catalytic Performance of the Different Zeolite
Framework Structures in the Methanol-to-Olefins (MTO)
Process and Related Coke Amount of the Spent Catalyst
Sample, Measured with Thermogravimetric Analysis (TGA)

g MeOH/g cat. converteda
coke level of spent catalyst (wt

%)

T (°C) CHA DDR LEV CHA DDR LEV

350 6.2 0.6 0.7 20.6 9.3 13.4
400 7.0 1.8 1.7 19.7 11.5 15.0
450 6.1 3.1 2.3 16.9 11.6 14.3

aUntil deactivation, i.e., methanol conversion below 90%.
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LEV at this reaction temperature might be caused by methylated
benzene species.
3.4. Operando UV−vis Spectroscopy. Operando UV−vis

spectroscopy was used to follow the formation of hydrocarbon
species inside the zeolite catalyst. The operando UV−vis spectra
during the conversion of methanol over CHA, DDR, and
LEV are shown in Figure 3. In all experiments, an increase
in absorbance with increasing time-on-stream is observed.

This indicates that, during the conversion of methanol,
hydrocarbon species accumulate in the zeolite. In the first few
spectra, while the first hydrocarbon species are formed inside the
zeolite, the absorbance increases quickly and distinct absorption
bands are visible. After this first period, the increase in absor-
bance slows down, and the absorption bands become broader.
In all experiments, in addition to the formation of absorption bands,
an increase in absorbance over the whole range of wavenumbers

Figure 3. Operando UV−vis spectra during the conversion of methanol at 350, 400, and 450 °C over (a) CHA, (b) DDR, and (c) LEV zeolite.
Red spectra indicate deactivation, i.e., methanol conversion lower than 90%.

Figure 2. GC/MS results for the extracted species in (a) CHA, (b) DDR, and (c) LEV.
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is observed with increasing time-on-stream. This darkening of
the zeolite is most likely caused by the formation of larger
carbonaceous deposits on the outer surface of the zeolite crystals
due to external acidity of the zeolites.
On the basis of literature results, combined with the

previously described GC/MS analysis of the retained species,
assignments for the UV−vis absorbance bands were made, which
are shown in Figure 4.22,29,34,37,56 In the UV region (i.e., above
35 000 cm−1) neutral aromatic species absorb light, whereas
at lower wavenumbers, absorption bands are assigned to
conjugated carbocations, including protonated aromatics. With
the increasing size of the conjugated carbocations, the absorp-
tion band occurs at lower wavenumbers. Neutral and charged
polyaromatic species absorb at wavenumbers below 23 000 cm−1.
For CHA, the reaction starts with the formation of bands

around 34 000 and 26 000 cm−1, because of monoenyl species
and charged polyalkylated benzene species. This is followed by
the growth of the bands around 30 500 and 23 000 cm−1, because
of charged monoenyl or cyclopentenyl species and charged
naphthalene species. After that, the bands around 36 000 and
25 000 cm−1 are formed, which indicate that there are both
neutral and charged aromatics present, which keep growing until
the end of the reaction. These bands correspond well with the
intermediates known from the hydrocarbon pool mechanism.
During the conversion of methanol over DDR, the bands at

34 000 cm−1 and at 26 000 cm−1 are visible in the beginning of
the reaction at all reaction temperatures, similar to the beginning
of the reaction in CHA. After a short period, the bands at
36 000 and 25 000 cm−1 are formed, which keep growing until
the end of the reaction. The band around 25 000 cm−1 has a
remarkably sharp shoulder around 24 800 cm−1, which indicates
that there is a narrow distribution of hydrocarbon species
contributing to this band. Using the GC/MS analysis of the
retained species described above, this feature was assigned to
charged 1-methylnaphthalene, which is clearly formed preferen-
tially in the DDR cage. At a reaction temperature of 350 °C,
the formation of 1-methylnaphthalene indicates the start of the
deactivation of the catalyst, while at 400 and 450 °C, the catalyst
remains active when this species is formed.
The development of spectral features in the LEV zeolite starts

similar to the operando UV−vis spectra of CHA and DDR,
with the formation of absorption bands related to monoenyl
species and alkylated benzene. However, later in the reaction, the
intensity of the absorption bands stays much lower, and the
shape of the feature around 25 000 cm−1 much less pronounced.
This makes specific spectral assignments of the observed features
challenging. Similar to DDR, the formation of a sharp feature at

24 800 cm−1 in LEV is correlated with deactivation at a reaction
temperature of 350 °C, but not at higher reaction temperatures.
The fact that the exact shape of the operando UV−vis spectra

differs significantly between the different zeolites means that,
although all three zeolites consist of relatively large cages that are
interconnected by eight-ring windows, different retained hydro-
carbons are present during MTO, which is a result of the differ-
ence in the size and shape of the cages, since the other properties
of the samples are very comparable. For CHA, the absorbance in
the entire spectral region is much higher than for DDR and LEV,
and the spectral features are broader. This indicates that the CHA
zeolite contains more retained hydrocarbons and also a broader
distribution of species than DDR and LEV. This corresponds
well with the observations in the GC/MS and TGA analysis of
the retained hydrocarbons.

3.5. Deconvolution of UV−vis Spectra and Chemo-
metrics. In order to get more specific information on the band
positions from the broad and often convoluted bands in the
operando UV−vis spectra, for every experiment, five spectra
were selected for deconvolution (i.e., one during the induction
period, two during the active period and two during deacti-
vation). The broad bands in these spectra were deconvoluted
by fitting the spectrum with Gaussian curves using the program
Fityk.57 As mentioned before, an increase in absorbance over
the complete range of wavenumbers was observed for all
experiments, indicating the formation of extended coke deposits
located at the external surface of the material. To improve
the quality of the deconvolutions, this general darkening
was removed from the spectrum by the subtraction of the
absorbance value at 12 500 cm−1 as a baseline. More details
about the deconvolution procedure, along with all deconvoluted
UV−vis spectra can be found in the Supporting Information
(Figures S5−S7).
During methanol conversion over the CHA zeolite, a band

between 24 400 and 25 800 cm−1 is present at all temperatures
and during all phases of the reaction (green Gaussian). This band
has been assigned to highly methylated benzene carbocations,
which are active species in the MTO process.31,34,58 These
species are also observed in the GC/MS of the retained
hydrocarbons. Also, a band between 15 500 and 17 500 cm−1 is
observed in all experiments (blue Gaussian), indicating the
presence of polyaromatic species.29,31,34,37,59,60 The region
between 28 000 and 40 000 cm−1 is very convoluted and
contains almost no features, which makes it impossible to decon-
volute it very accurately. The region is a convolution of at least
three bands, caused by the presence of neutral aromatics and
monoenyl, dienyl, and cyclopentenyl carbocations.22,56,61,62

Figure 4. Overview of the UV−vis bands and related assignments of relevance to the Methanol-to-Hydrocarbon reaction over zeolite-based materials.
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For DDR, the operando UV−vis spectra are dominated by a
sharp band around 25 000 cm−1. This band is a convolution of a
band between 25 500 and 26 000 cm−1 (green Gaussian), which
originates from methylated benzene carbocations, and a very
sharp band around 24 500−24 800 cm−1 (orange Gaussian).
Based on the dominant presence of this band in the UV−vis
region of the spectrum and the large amount of 1-methyl-
naphthalene in the GC/MS of the retained material, we assign
this UV−vis feature to protonated 1-methylnaphthalene, as
described before. Diamantane, which according to GC/MS is
also present in the catalyst at low temperatures, absorbs light in
the deep-UV region around 51 600 cm−1, so this will not visible
with the UV−vis spectrometer used for this work.63 The band at
20 000 cm−1 (blue Gaussian) is due to polyaromatics, and in the
case of DDR, the features in the region between 28 000 and
40 000 cm−1 are a convolution of at least two bands: a small band
around 31 000 cm−1 from monoenyl or charged cyclopentenyl
species and a large band around 36 000 cm−1 from neutral
aromatic species.
In LEV, the band around 26 000 cm−1 (green Gaussian) is also

present and at reaction temperatures of 400 and 450 °C, the
sharp feature around 24 600 cm−1 (orange Gaussian) indicating

the presence of 1-methylnaphthalene is also found, but the
absorbance and the contribution to the overall spectrum is much
lower than that for DDR. The band below 30 000 cm−1 is very
convoluted and has contributions from naphthalenic and
polyaromatic species. These species most likely reside outside
the zeolite crystal, because they do not fit inside the LEV cages.
In order to study the kinetic evolution of the retained hydro-

carbons inside the zeolites in more detail, the time evolution of
the operando UV−vis spectra was analyzed using Multivariate
Curve Resolution (MCR). This chemometric analysis was
performed using the MCR-ALS toolbox,64 which performs a
deconvolution of the data matrix of the complete time series
of UV−vis spectra into contributions of pure components.
(They are not necessarily pure chemical phases or species.)
Similar to Principal Component Analysis (PCA), MCR provides
a decomposition that maximizes the explained variance in the
data, but allows defining constraints for the obtained com-
ponents. The constraints can then be chosen to be physically or
chemically meaningful, such as non-negativity and unimodality
of the obtained components (a component here means a set of
UV−vis spectral features that show the same time behavior).
Using this method and the terminology typically used in PCA,

Figure 5. (left) MCR-ALS components and (right) their respective contributions to the overall operando UV−vis spectra vs time for the conversion of
methanol over CHA zeolite at a reaction temperature of (a) 350 °C, (b) 400 °C, and (c) 450 °C. The colors of the contribution plots correspond to the
colors of the components.
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the time series of the operando UV−vis spectra was split into
two parts: components, i.e. UV−vis spectral features that
follow the same kinetics during the reaction, and the contri-
butions of these components versus time. An initial estimate of
the contributions was made using Evolving Factor Analysis.64

Because it is unlikely that a group of species that has disappeared
during the reaction reappears later in the reaction, a unimodality
constraint was imposed on the contributions of components over
time. Also, a non-negativity constraint was applied. As in PCA,
summing up all components multiplied by their corresponding
contributions results in a reconstruction of the original operando
UV−vis spectra. The number of components needed to describe
the original data set to a specific precision can be checked by
inspecting the cumulative variance explained (CVE) by the chosen
components. For an accurate reconstruction (CVE > 99.9%) of
the original spectra, three components were needed in most cases.
The components and contributions for CHA, DDR, and LEV

are shown in Figures 5−7. The time behavior of the contri-
butions is similar for all experiments. At the beginning of the
reaction, when the methanol conversion is almost immediately
100%, there is an immediate formation of absorbing species,
which is represented by the blue component. After some time,

while the catalyst remains active, a second group of spectral
features, represented by the black component becomes domi-
nant in the operando UV−vis spectra. With time-on-stream, the
spectral features represented by the red component increase until
the catalyst starts deactivating. At the moment that the catalyst is
fully deactivated, the overall UV−vis spectrum is almost identical
to the red component. Because the UV−vis spectra are an
average over the whole catalyst bed and since some species can be
present during the entire reaction, the different components can
have some overlap. However, there are clear differences between
the components that can be used in combination with their
contributions to describe the evolution of the retained hydro-
carbon pool species over time.
In the case of CHA, at reaction temperatures of 350 and 400 °C,

the blue component that is dominant in the beginning of the
reaction contains two bands around 35 000 cm−1and 25 000 cm−1,
which can be assigned to monoenyl carbocations and alkylated
benzene carbocations, respectively. These are species that can be
correlated with the formation of the hydrocarbon pool inside the
zeolite, i.e., the induction period. At a reaction temperature of
450 °C, only two components were enough to reconstruct the
original spectra (CVE > 99.9%), which behave similarly in time

Figure 6. (left) MCR-ALS components and (right) their respective contributions to the overall operando UV−vis spectra vs time for the conversion of
methanol over DDR zeolite at a reaction temperature of (a) 350 °C, (b) 400 °C, and (c) 450 °C. The colors of the contribution plots correspond to the
colors of the components.
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to the black and red components at lower temperatures. This
indicates that at this reaction temperature, the induction period
species develop into the active species faster. The broad feature
around 25 000 cm−1 is visible in the black component at a reaction
temperature of 450 °C, which is dominant during the active period,
whereas at reaction temperatures of 350 and 400 °C, this feature is
part of the red component, which is correlated with deactivation.
For DDR at all reaction temperatures, the blue component

that is dominant in the beginning of the reaction mainly contains
a band at 34 000 cm−1, which can be assigned to monoenyl
carbocations. These monoenyl species can be correlated with
the formation of the hydrocarbon pool inside the zeolite, i.e., the
induction period. The black component is present during the
active period of the reaction. It consists of a broad spectral feature
below 35 000 cm−1 from neutral HP species, and it has sharper
features around 20 000 cm−1. At 400 and 450 °C, a sharp feature
at 24 500−24 800 cm−1 ascribed to 1-methylnaphthalene is
visible in the black component during the active period of the
reaction, indicating that 1-methylnaphthalene acts as an active
species in the MTO process at these reaction temperatures.
Methylated naphthalenes have been shown to be active species
for MTO in various other studies, both experimental and
theoretical.65−67 At 350 °C this feature is present in the red

component, which means that 1-methylnaphthalene is a
deactivating species at 350 °C, in contrast to its role at higher
reaction temperatures. The red components for the reaction
temperatures of 400 and 450 °C contain very similar spectral
features, but at the higher reaction temperature it grows faster.
In the case of LEV, the different components are less well-

resolved than those for the other two zeolite materials, making it
challenging to observe a general trend with changing of the
reaction temperature. This is likely caused by the high degree of
convolution and lack of clear features in the operando UV−vis
spectra. However, the general trend in the contributions of the
different components with time-on-stream is similar to the other
frameworks.

3.6. Proposed Deactivation Mechanism. Using the
kinetics of the formation of different species described by the
chemometric analysis, it is possible to follow the evolution of the
retained hydrocarbon pool species using operando UV−vis
spectroscopy. The three distinct components represent the
species that are predominant during the three stages of theMTO
process, which are schematically drawn in Figure 8:

Stage I: Induction period
Stage II: Active period
Stage III: Deactivation

Figure 7. (left) MCR-ALS components and (right) their respective contributions to the overall operando UV−vis spectra vs time for the conversion of
methanol over LEV zeolite at a reaction temperature of (a) 350 °C, (b) 400 °C, and (c) 450 °C. The colors of the contribution plots correspond to the
colors of the components.
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Combining this with the bulk chemical analysis of the
deactivated catalysts, a deactivation model can be proposed for
the three different zeolites at different reaction temperatures.
Figure 9 shows a schematic overview of the deactivation by
carbonaceous deposits in the different zeolite crystals after con-
version of methanol at different reaction temperatures, based on
the analysis of the coke by TGA and GC/MS, combined with the
chemometric results. The squares represent individual zeolite
crystals, and the colors indicate which species are present in the
different regions of the crystal.

TGA results for CHA catalysts show that at reaction
temperatures of 350 and 400 °C the deactivated catalyst contains
both external coke and carbonaceous deposits inside all cages.
At these reaction temperatures, the catalyst deactivates when the
broad feature around 25 000 cm−1 becomes more dominant in
the UV−vis spectrum, i.e., when all pores become filled with
methylated naphthalene species. At a reaction temperature of
450 °C, a lower amount of carbonaceous deposits is detected
in the deactivated catalyst using TGA. The feature around
25 000 cm−1 is part of the black component, which means that it
represents active species rather than deactivating species. At this
reaction temperature, deactivation of the catalyst is due to the
formation of external coke.
At 350 °C, DDR deactivates when 1-methylnaphthalene is

formed, which at that temperature is not active in performing the
MTO reaction. Also, inactive diamantane species are formed.
At the moment these species are formed, they block access to the
center of the catalyst particle, which results in the catalyst
particles not being completely filled with carbonaceous deposits
when the catalyst is deactivated. The effect of the deactivation of
catalysts by blockage of pores at the outside of the crystal has
been observed as well in previous studies, in which large zeolite
crystals were used for the MTO process.27,35,37 At reaction
temperatures of 400 and 450 °C, 1-methylnaphthalene is an
active species, and deactivation of the catalyst occurs when all of
the cages of the zeolite are filled, preventing methanol and
products to reach the active species to continue the conversion
of methanol into olefins. Previous studies have shown that
methylated naphthalenes can be active species in MTO, but with
higher energy barriers than methylated benzene.67 The energy
barriers for methylation and dealkylation of hydrocarbon pool
species have a strong influence on the reaction rate in MTO and
can have a different value in different zeolite frameworks.31,68

Figure 9. Schematic of the type of deactivation by carbonaceous deposits throughout the different zeolite crystals at different reaction temperatures.

Figure 8. Proposed model to explain the different stages of the
Methanol-to-Olefins (MTO) reaction over the three different zeolite
framework structures under study.
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This could explain the effect of the applied reaction temperature
on the activity of 1-methylnaphthalene, indicating that higher
reaction temperatures are needed to make the methylation of
1-methylnaphthalene and subsequent dealkylation possible.
Another explanation for the dependence on reaction temper-
ature is that diffusion is more difficult in the 2-D DDR pore
network than in the 3-D CHA framework.
The deactivation of LEV is similar to that of DDR. At 350 °C,

the pores of the deactivated catalyst are not completely filled,
while this is the case at 400 and 450 °C. Similarly to DDR, the
dependence on reaction temperature is also expected to originate
from high activation energies of some of the active species and
the fact that diffusion is more difficult in the 2-D LEV pore
network than in the 3-D CHA framework. Because the LEV cage
is smaller than the cages of the other two frameworks, larger HP
species do not fit in the LEV framework, which explains the faster
deactivation and the smaller species found in GC/MS analysis of
the extracted species.
To verify whether species that are deactivating at a lower

reaction temperature indeed become active at higher reaction
temperatures, temperature-programmed experiments were
performed. Methanol was converted at a reaction temperature
of 350 °C until the start of deactivation, after which the reaction
temperature was increased to 400 °C, and subsequently to
450 °C. The resulting activity data andUV−vis spectra are shown
in Figures S8−S10. It is visible that upon increasing the reaction
temperature, activity is restored for a short period of time.
This effect, called reanimation, has been observed before for
MFI catalysts and occurs due to the dealkylation of aromatic
species that were alkylated at lower reaction temperatures.5

The reanimation is most pronounced for the DDR zeolite when
the reaction temperature is increased from 350 to 400 °C. For
DDR, the reanimation period at 400 °C goes together with a
large increase in absorbance in the UV−vis spectra. To a lesser
extent this also holds for LEV, whereas the UV−vis spectra for
CHA show only little change during the reanimation period.
These results show that alkylated aromatics that are not active at
low reaction temperatures can become active at higher reaction
temperatures because the higher reaction temperature facilitates
dealkylation reactions of these species. In the case of DDR and
LEV, this also results in a more extensive filling of the zeolite pore
network with carbonaceous deposits, especially when going from
350 to 400 °C, as can be seen from the large increase in UV−vis
absorbance.

4. CONCLUSIONS
Three zeolite frameworks, namely, CHA, DDR, and LEV,
consisting of large cages interconnected by eight-ring windows
were compared in the MTO reaction. Using a combination of
online product analysis and operando UV−vis spectroscopy
during the reaction, along with bulk chemical analysis of the
hydrocarbon deposits by GC/MS and TGA, mechanistic
information was obtained. Although the pore structures of the
three zeolite materials under comparison are similar in the way
that they consist of large zeolite cages interconnected by
eight-ring windows, it was shown that small differences in size
and shape of the cages are responsible for a distinctly different
nature of the hydrocarbon pool in the different frameworks.
The results clearly show that in this way, the exact size and shape
of the zeolite cages have a big influence on the mechanism
and deactivation of catalysts during MTO. Additionally, the
difference between the 2-D and 3-D pore networks also has a
clear influence on catalyst deactivation.

In order to describe the evolution of the operando UV−vis
spectra and thus to understand the evolution of the retained
hydrocarbon pool species during the reaction, the operando
UV−vis spectra were analyzed using multivariate analysis,
in which three components and the contribution of these
components to the overall spectrum were found to sufficiently
describe the changes in the operando UV−vis spectra. The three
obtained components represent the predominant spectral
features during the induction period, active period, and the
period where the catalyst deactivates, respectively. By varying
the reaction temperature, it could be established that whereas the
nature of the retained hydrocarbons depends mainly on the
framework, the role of certain HP species (active or deactivating)
can change depending on the temperature of the reaction, which
influences the deactivation mechanism.
For CHA, at reaction temperatures of 350 and 400 °C,

formation of external coke is observed, but deactivation occurs
once all pores are filled with naphthalene species. At a reaction
temperature of 450 °C, formation of external coke is also
observed and the catalyst deactivates before all pores are filled
with naphthalene species, indicating that at that reaction
temperature deactivation is mainly caused by the external coke.
The role of 1-methylnaphthalene in DDR is deactivating at

350 °C, but it acts as an active species at 400 and 450 °C,
probably due to a high activation energy of the reaction pathway
involving 1-methylnaphthalene as active species. This causes the
DDR catalyst to deactivate upon formation of these naphthalenic
species at 350 °C. Additionally, at this reaction temperature,
diamantane is formed, which also contributes to the deactivation
of the catalyst. These deactivating species form in the outer
regions of the zeolite crystal, preventing access to the center of
the catalyst particles. Because of that, the spent catalyst is
not completely filled with carbonaceous deposits after perform-
ing the MTO process at 350 °C. At 400 and 450 °C, when
1-methylnaphthalene is an active species, deactivation is caused
by complete filling of the zeolite pores.
A trend similar to that for DDR is observed in the deactivation

of the LEV catalyst. Species that are deactivating and block the
pores of the material at 350 °C, act as active species at 400 and
450 °C, resulting in the complete filling of the pores of the
deactivated material at the higher reaction temperatures.
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