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Identification of the catalyst characteristics correlating with the key performance parameters in-
cluding selectivity and stability is key to the rational catalyst design. Herein we focused on the iden-
tification of property-performance relationships in the methanol-to-olefin (MTO) process by study-
ing in detail the catalytic behaviour of MFI, MEL and their respective intergrowth zeolites. The de-
tailed material characterization reveals that both the high production of propylene and butylenes
and the large MeOH conversion capacity correlate with the enrichment of lattice Al sites in the
channels of the pentasil structure as identified by 2’Al MAS NMR and 3-methylpentane cracking
results. The lack of correlation between MTO performance and other catalyst characteristics, such
as crystal size, presence of external Brgnsted acid sites and Al pairing suggests their less pro-
nounced role in defining the propylene selectivity. Our analysis reveals that catalyst deactivation is
rather complex and is strongly affected by the enrichment of lattice Al in the intersections, the over-
all Al-content, and crystal size. The intergrowth of MFI and MEL phases accelerates the catalyst
deactivation rate.
© 2022, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

olefins, starting from CO2z as the primary carbon source [3].
Despite the worldwide industrialization of the MTO process

The methanol-to-olefins (MTO) technology has the potential
to play a major role in the sustainable production of light ole-
fins. It is recognized as one of the key ingredients within the
methanol (MeOH) economy concept [1,2] enabling the produc-
tion of the crucial hydrocarbon building blocks, such as light

* Corresponding author. E-mail: F.Kapteijn@tudelft.nl
# Corresponding author. E-mail: e.a.pidko@tudelft.nl

[4-6], intense research is still focusing on a better understand-
ing of the underlying structure-performance relationship for
the optimization of this catalytic process and the development
of more selective and stable catalytic materials [7-14]. In par-
ticular, the growing demand for renewable propylene empha-
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sizes the importance of further optimization of the selectivity of
the MTO catalysts towards propylene production.

The mechanism of the MTO process is highly complex. A
multitude of parallel and consecutive chemical transformations
of the substrates are catalyzed by Brgnsted acid sites (BAS)
resulting in a range of hydrocarbon products [15-19]. After a
rather short induction period, two catalytic cycles involving the
interconversion of confined olefinic and aromatic intermedi-
ates promote simultaneously the MeOH conversion and the
formation of longer-chain hydrocarbons [20-23]. The cracking
of the olefinic intermediates in the so-called olefinic cycle is
solely responsible for the formation of all olefinic products,
with ethylene as exception which is also mainly produced via
the dealkylation of larger aromatic intermediates within the
aromatic cycle [7,24].

The concentration, location, and distribution of BAS are of
primary importance to define the activity in the MTO process.
By increasing the Al concentration, the chance of interaction
between guest substrates and BAS simultaneously increases,
eventually promoting the aromatic cycle, increasing aromatics
and ethylene formation [25,26]. Zeolites with the same BAS
density can also exhibit a substantially different MTO perfor-
mance, ascribed to the heterogeneous distribution of Al within
the crystal [16]. The presence of strong BAS on the external
surface of zeolite crystallites was shown to promote coking and
decreases the catalyst lifetime [27]. At high Al content when Al
ions are in close vicinity, separated by two or more silicon tet-
rahedra, the so-called Alpair is formed. The cooperation of the
BAS associated with such Alpair decreases the energy barrier for
the formation of aromatic intermediates [28] eventually in-
creasing the selectivity towards aromatic products at the ex-
pense of the selectivity towards propylene.

The relative rates of the two catalytic cycles also depend on
the topological properties of the confined space, where the
reaction takes place, and they determine the selectivity of the
catalytic process. The uniform micropores of the zeolite cata-
lyst ensure the efficient confinement and stabilization of the
reaction intermediates (transition-state selectivity [29]), while
the pore diameter only allows the products that fit to pass
through and escape the zeolite (product-selectivity [29,30]).
Among more than 230 zeolite topologies, the 10-membered
ring (10-MR) zeolites have attracted great interest in the MTO
process [31-35]. Particularly, 10-MR TON-type zeolites con-
sisting of 1-dimensional channels exhibit high selectivity to-
wards Cs+ hydrocarbons with a negligible contribution of aro-
matics. Because of shape-selectivity the narrow channels (4.6 A
x 5.7 A) host the key intermediates of the olefinic cycle, eg.
methylcyclopentenyl cations [35,36]. However, the application
of TON-type zeolites in the MTO process is hindered by fast
deactivation, which is probably due to the rapid coke deposi-
tion easily blocking the 1D channels [32,34,35]. In this study,
catalysts with zeolite topologies MFI (HZSM-5) and MEL
(HZSM-11) of the pentasil family are investigated. These 10-MR
zeolite topologies display 3-dimensional channel and intersec-
tion systems with very similar diameters. While MFI-type zeo-
lite consists of straight (4.5 A) and sinusoidal (4.7 A) channels
with intersection (6.4 A), MEL-type consists of only straight

channels (5.2 A) with intersection (7.7 &) [37]. These single
topologies are further compared with mixed-topology zeolite
catalysts consisting of intergrown MFI and MEL crystal phases,
indicated by HZBM-10. A detailed skeletal description of how
MFI and MEL phases mix at an atomic scale is given in [38].
These 10-membered ring zeolites with 3-dimensional pores
have been widely investigated because of the promising selec-
tivity towards propylene and butylenes in MTO combined with
the prolonged lifetime in comparison with 1-dimensional
10-MR zeolites [31-33].

The comparative MTO study of MFI-type, MEL-type and
TON-type zeolites by Hunger and co-workers [31] showed that
under optimized conditions a comparable selectivity towards
propylene (~50%) for MFI-type and MEL-type zeolites can be
achieved at an optimal BAS density (~15 mmol/g), while the
selectivity towards propylene is reduced to ~38% for
TON-type zeolites (BAS ~30 mmol/g). The major conclusion
was drawn that the BAS density is an important optimizing
parameter for tuning the MTO selectivity, but did not provide
insight in the relation with the structural properties of those
zeolites. Fan and co-workers compared the MTO performance
for MFI- and MEL-type zeolite catalyst and demonstrated that
the MEL-type H-ZSM-11 is more selective to produce light ole-
fins [33]. Furthermore, it was proposed that for the zeolites
with a higher Si/Al ratio (>120), the lattice Al enrichment in the
zeolite channels is the key factor that determines the MTO
product selectivity. The use of materials featuring an inter-
growth framework with mixing MFI and MEL topologies as an
MTO catalyst was also shown to enhance the propylene selec-
tivity in comparison with the pure MFI-based HZSM-5 catalysts
[39]. By varying the composition of MFI or MEL phases in the
zeolite, the MeOH selectivity to propylene could be increased to
ca. 46% from 27% for MFI. There is a general consensus in the
research community that shape selectivity, ascribed to the sub-
tle differences in the geometry and structure of the zeolite con-
fined space, is one of the key factors that determines the MTO
catalyst performance and, particularly, the selectivity towards
propylene [40]. However, the different synthesis methods for
different zeolite topologies and various post-synthesis ap-
proaches inevitably introduced the variation in other parame-
ters including crystal morphology, Si/Al ratio, Al distribution
(at internal or external surface, in channels or intersections),
and potentially other physicochemical properties, which all
may also substantially affect the catalyst behavior. Therefore,
an integrated approach for analysing all these parameters is
crucial to find out the key parameter(s) to control the catalytic
performance. A thorough analysis of the possible correspond-
ence thereafter will lead to a comprehensive structur-
al-performance relationship.

In this study a systematic analysis of all the
above-mentioned aspects is performed in an attempt to identi-
fy in a comprehensive approach the key descriptors that intrin-
sically control the MTO performance of the 10-MR zeolites un-
der study, namely HZSM-5, HZSM-11 and an intergrowth phase
HZBM-10. With this in mind, steady-state MTO tests combined
with operando UV-vis spectroscopy measurements firstly em-
phasized the different catalytic behaviors with respect to selec-
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tivity, MTO stability, and various features on the surface of
MEL-type, MFI-type, and the intergrowth zeolites. Through a
wide range of characterization, spectroscopic measurements,
and probe reactions, substantial differences were highlighted
on the crystal size, BAS distribution over the crystal, Alpair, and
Al-siting of all tested zeolites. Combined with the MTO selectiv-
ity and stability, the correlation between each of the parame-
ters and the catalytic performance was thoroughly evaluated
and discussed. The significance of each parameter on the
product selectivity and lifetime was eventually addressed.

2. Experimental
2.1. Chemicals

All reagents were of reagent grade and used without further
purifications: sodium nitrate (NaNOs, Sigma Aldrich, ACS rea-
gent, 299.0%), cobalt(Il) nitrate hexahydrate (Alfa Aesar, ACS
reagent, 98.0%-102.0%), 1,3,5-triisopropylbenzene (1,3,5-
TIPB, Sigma Aldrich, 95%), 3-methylpentane (3-MP, Alfa Aesar,
99+%), n-hexane (Sigma-Aldrich, 99%), 2,4-dimethylquinoline
(2,4-DMQ, Alfa Aesar, 95%), methanol (MeOH, Sigma-Aldrich,
for HPLC, 299.9%) and deionized water.

2.2. Zeolite materials

Zeolite samples with different topologies including MFI
(ZSM-5), MEL (ZSM-11), and intergrowth MFI/MEL (ZBM-10)
were obtained from commercial sources. ZSM-5 samples with
different Si/Al ratio and crystal size including CBV5020E (Ze-
olyst Int, Si/Al = 25), BASF1 (BASF, Si/Al = 25) and BASF2
(BASF, Si/Al = 50) are denoted by MFI-25-M, MFI-25-S and
MFI-50-S, respectively (S and M indicate the respective small
and medium crystal size based on scanning electron micro-
scope (SEM) and X-ray powder diffraction (XRD) analysis).
ZSM-11 samples were purchased from ACS Material
(MZ110012, Si/Al = 25) denoted as MEL-25-S. Two inter-
growth zeolite samples ZBM-10 featuring different crystal sizes
were provided by BASF and named as MFI/MEL-25-S and
MFI/MEL-50-L, where S and L represent samples with respec-
tive small and large crystal size. All the above-mentioned zeo-
lite samples were calcined in air at 550 °C (2 °C/min) for 6 h to
obtain the protonic form.

2.3. Chemical composition, structural and textural properties

The chemical composition of zeolite materials was assessed
with ICP-AES (inductively coupled plasma atomic emission
spectroscopy) using a Perkin Elmer Optima 5300DV instru-
ment (glass torch + saffire injector). Prior to measurement, 50
mg zeolite sample was digested in 4.5 mL 30% HCI + 1.5 mL
65% HNOs3 + 0.2 mL 40% HF using microwave heating for ca.
60 min. The resulting solutions were then diluted to 50 mL
with deionized water.

XRD was performed in Bragg-Brentano geometry with a
Bruker D8 Advance X-ray diffractometer using monochromatic
Co K« (A = 1.788970 A) radiation between 26 = 5° and 55°. The

refinement and quantitative phase analysis were carried out
using Topas software. The crystal size analysis was carried out
by applying the Scherrer method:
D=KxA/(Bx cosd)

where D represents the diameter of a spherical nanocrystal
with K = 0.89, 1 is the wavelength of X-ray, 0 is the diffraction
angle of the band at 9.2°, and B is the corrected half width of the
observed half width considering the instrumental impact.

Microporous properties of each sample were assessed from
Nz physisorption isotherms at -196 °C using Tristar II 3020.
Prior to the measurements, samples were dried and degassed
at 350 °C for 6 h under constant Nz flow.

X-ray Photoelectron Spectroscopy (XPS) was employed to
determine the Si/Al ratio on the outer surface of the tested
zeolites. XPS spectra were collected using a Thermo Scientific
K-alpha spectrometer equipped with a monochromatic Al K«
X-ray source and a 180° double-focusing hemispherical ana-
lyser with a 128-channel detector.

2.4. Acid site density and Al distribution

2.4.1. FTIR pyridine adsorption
Transmission FT-IR spectroscopy of adsorbed pyridine as a

probe molecule was used to quantify the acid site density of the
catalytic materials (MFI-25-S as reference estimated from for-
mula: HnAlnSivoe-n0192:16H20, n = 3.7). Samples (20 mg) were
pressed in self-supported wafers with diameter 1.6 cm and
then placed in an IR quartz cell. The spectra were collected at 2
cm-! resolution using a Nicolet Nexus spectrometer equipped
with an extended KBr beam splitting and an MCT detector. The
amount of BAS and LAS was derived from the absorbance at
1545 and 1456 cm-! using the integrated molar extinction co-
efficients of 0.73 and 1.11, respectively [41]. Assuming that one
pyridine molecule is only adsorbed on one BAS/LAS, the fol-
lowing equations were used to estimate Cgas and Cuas:

Cias = 4.30 x IA(BAS)R2/W

Cuas = 2.83 x IA(LAS)RZ/W
where IA (BAS, LAS) represents the integrated absorbance of
the band at 1545 and 1456 cm-1, R is the radius of sample wa-
fer (cm) and W is the weight of sample wafer (g).

2.4.2. FTIR of adsorbed CO

To compare the strength of these acid sites, transmission
FT-IR spectra with CO as probe was carried out at -140 °C. 10
mg powder was pressed in a self-supported wafer with diame-
ter 0.8 cm. After pre-treating at 400 °C overnight under vacu-
um, IR spectra were collected at 2 cm-! resolution using a Ni-
colet Nexus spectrometer within 400-4000 cm-. During spec-
tra collection, liquid nitrogen is used to maintain the IR cell
temperature at ca. -140 °C. The partial pressure of CO was
stepwise increased (0.1 mbar per step) through a manifold
connected to the specimen holder.

2.4.3. Solid state magic angle spinning (MAS) NMR
measurements

MAS NMR measurements of fully hydrated samples were
performed on a Bruker Ascend 500 magnet (11.7 T) equipped
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with a NEO console operating at a 27Al resonance frequency of
130.32 MHz, using a Bruker 3.2 mm two channel MAS probe
head. The MAS rate was set to 20 kHz for all measurements. To
obtain the high-resolution 27Al MAS NMR spectrum for quanti-
tative analysis of Al distribution, the single pulse 27A1 MAS NMR
measurements were recorded with a pulse length of 1.25 ps, a
recycle delay of 0.5 s, and 10240 scans each [42].
Two-dimensional (2D) multiple quantum magic-angle spinning
(MQ MAS) NMR spectra were measured using a triple quantum
z-filter pulse sequence. Excitation and conversion pulses of 3.4
and 1.1 ps and a selective soft pulse of 11 ps for the z-filter fil-
tering were utilized. All 2D spectra consist of 100 transients,
each transient incremented by 70 ps with a recycle delay of 0.2
s. Five characteristic peaks with fixed width at 58, 56, 55, 53,
and 52 ppm were used for 1D 27Al MAS NMR spectra deconvo-
lution using Voigt function [43,44] (G/L = 0.5 [45]) [33,42,46].

2.4.4. Co(ll) ion exchange and UV-vis diffuse reflectance
spectra measurements

To analyze the distribution of Al atoms (including Alpair and
Alsingle) locations in the zeolite framework, UV-vis diffuse re-
flectance spectra (UV-vis-DRS) of fully Co-exchanged zeolites
were measured on a Perkin-Elmer Lambda 900 spectropho-
tometer equipped with an integrating sphere (“Labsphere”)
using BaSOa as a reference. Before measurement, the protonic
zeolites were exchanged 3 times with 200 mL of 1 mol/L
NaNOs solution per 1 g zeolite at 70 °C. After recovering by
centrifugation, Co ion exchange was then performed with 100
mL 0.05 mol/L Co(NO3)z solution per 1 g zeolite at room tem-
perature under stirring for 24 h. The exchange was repeated
three times with centrifugation between each repetition [47].
Washed by deionized water after the third ion exchange, the
obtained Co(Il)-exchanged samples were then dried at room
temperature under dynamic vacuum and then dehydrated at
400 °C under constant Nz flow for 7 h before being transferred
to the self-sealing UV-vis sample holder in a moisture-free
glovebox [48-50]. The absorption intensity is expressed by the
Schuster-Kubelka-Munk equation:

F(Rw) = (1-Rx)2/2Rw

The distribution of Al atoms in the zeolite framework is cat-
egorized as Alpair and Alsingle as reported by Dedecek et al. [47]
Co(II) cations are selectively exchanged on Alpair sites under the
above-mentioned conditions [51]. Combined with the amount
of Na ions remaining in the framework after Co(Il) ion ex-
change, the number of Alpair and Alsinge can be calculated as
below:

Alsingle = [Na]
Alpair = 2 x [Co]
Alframework = [Na] +2x [CO]

where [Co] and [Na] represent concentrations of Co2?* and Na+
in the sample determined by ICP-AES after Co ion exchange.

2.4.5. Cracking of 1,3,5-triisopropylbenzene (1,3,5-TIPB)

To probe the external BAS, cracking of 1,3,5-TIPB was used
as a probe reaction [52,53]. The catalytic tests were conducted
in a fixed bed reactor. 20 mg catalyst (150-212 pm) was acti-
vated at 550 °C in 50 mL/min air before reaction at 200 °C.

1,3,5-TIPB in low concentration (0.3% v/v) was fed with 50
mL/min Nz after passing through a saturator at 10 °C.

2.4.6. Cracking of 3-methylpentane (3-MP) and n-hexane

To probe the Al-arrangement (channel versus intersection)
in the zeolite framework [33,42], the cracking of 3-MP was
used as a probe reaction conducted in a fixed bed reactor [54].
In a typical experiment, 20 mg catalyst (150-212 pm) was ac-
tivated at 550 °C in 50 mL/min air prior to reaction at 400 °C.
2,4-Dimethyl quinoline (2,4-DMQ) base was added to deacti-
vate surface sites [52]. To control total conversion below 10%,
the partial pressure of 3-MP was adjusted at 3.8 kPa by passing
50 mL/min Nz as carrier gas through a saturator at 5 °C. Hy-
drogen, methane and ethane are selectively formed through the
monomolecular cracking of the pentacoordinated carbonium
ion formed by the protonation of the 3-MP molecule on the BAS
inside the zeolite crystals. In contrast, the energetically favour-
able bimolecular cracking [55] via primary carbenium ions
would require a more spacious space to hold the bulkier transi-
tion state of 3-MP and forms mainly only hydrocarbons beyond
C3. A previous study found that the bimolecular cracking can
hardly occur on H-ZSM-22, which displays the 1-dimensional
straight 10-MR channels without intersections [42]. Thus, the
selectivity towards the cracking products hydrogen, methane
and ethane (moles/100 mol cracked) is a good indicator of
monomolecular cracking of 3-MP solely on BAS located in the
straight or sinusoidal channels.

Stz+CHasCoHe = (Pony + Peats + Pur)/ (B3mpin — P3-mpoy) < 100%
where ¢cn and S represents the molar flow rate and selectivity
in unit of moles per 100 mol 3-MP cracked, respectively.

Constraint index (CI) is used to evaluate the steric hindrance
of a zeolite topology upon the reactant and represents the ratio
of the (assumed) first order rate constants of n-hexane and
3-MP cracking [56]. To measure CI for studied materials, a 4
mm (ID) quartz tube reactor was filled with 20 mg sieved zeo-
lite fraction (particle size 150-212 um). n-Hexane and 3-MP
were simultaneously fed into the reactor using 10 mL/min He
as carrier passing through a saturator containing a mixture of
n-hexane and 3-MP at 11 °C. The reaction was performed at
400 °C in the presence of 2,4-DMQ to deactivate surface sites
[52]. The Cl value is calculated as:

CI = Kn-kexane/k3-Mp = In(1 = Xn-kexane) /In(1 - X3-mp)

2.5. Catalytic performance testing

MTO reactions were performed at 450 °C using a fixed-bed
reactor setup. A 4 mm (ID) quartz tube reactor was filled with
40 mg sieved zeolite fraction (particle size 150-212 pm). MeOH
was fed into the reactor using a thermostated saturator with
liquid MeOH and N2z as a carrier gas. The reaction products
were analysed with an online Thermo Trace GC equipped with
a thermal conductivity detector (TCD) coupled with a
PoraPLOT Q pre-column (2 m, 0.32 mm, 20 um) and Molsieve
5A column (10 m, 0.32 mm) for analysis of permanent gases, a
flame ionization detector (FID) equipped with RTX-1 column (2
m, 0.32 mm, 5.00 um) and Al203/KCl column (15 m, 0.32 mm,
10 pm) for the analysis of C1 to C4 hydrocarbons and the other
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FID equipped with RTX-VMS column (30 m, 0.33 mm, 3.00 um)
for Cs+ hydrocarbons.

Prior to reaction, the catalyst was activated in 50 mL/min
air by heating up at 5 °C/min to 550 °C and then cooling down
to the reaction temperature 450 °C. The partial pressure of
MeOH in the flow was set at 5.2 kPa, corresponding with a
weight hourly space velocity (WHSV) of 5.2 gmeon-geat't h-1. The
reaction conversion, selectivity and yield were then calculated
on a carbon molar basis as follows:

X = (PcMeotin = Pcmeor =20 ¢.DMEq) | PCMeOHnx100%

Sen = nen/ (PcMeoHin = PcMeOHour = 2PCMeOHour) X 100%
Yen = XS./100
where X, ¢cn, Scn and Yen represent the carbon-based conversion
of MeOH plus dimethyl ether (DME), molar flow rate and car-
bon selectivity to certain hydrocarbon product in the exhaust
with carbon number equal to n and the corresponding carbon
yield, respectively. To describe the catalyst deactivation, MeOH
conversion capacity [57] was estimated following:
Ro = WHSVwmeon x tos

where WHSVmeon is the weight hourly space velocity of MeOH
and tos is the catalyst lifetime with MeOH conversion is within
100%-50%.

After catalytic tests, thermogravimetric analysis of the spent
catalyst samples was performed on a Mettler Toledo
TGA/SDTA 851e TGA analyser. 20 mg spent catalyst was first
treated at 200 °C with 20 mL/min air for 1 h to remove water
and other volatile species, and then heated in the same air flow
up to 800 °C at 5 °C/min while recording the sample mass.

2.6. Operando UV-vis diffuse reflectance spectroscopy

Operando UV-vis diffuse reflectance spectra were collected
using 60 mg of sieved catalyst (particle size 212-355 um) in a
quartz, rectangular reactor. Details of the set-up can be found
elsewhere [58-60]. Prior to reaction and spectra collection, the
catalyst was pre-treated at 550 °C in 10 mL/min Oz for 1 h after
which a He flow of 35 mL/min was used to get rid of the O2. The
MTO reaction was carried out at 450 °C by flowing He as a car-
rier gas (25 mL/min) through a MeOH saturator kept at 21 °C,
corresponding with a WHSV of ~5.4 gmeon gear! h-1. During
MeOH conversion, 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. Every minute a spectrum
was saved with 100 accumulations of 80 ms exposure time.
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3. Results and discussion

3.1. Physicochemical properties

Fig. 1 shows the representative XRD patterns for all zeolite
materials together with Rietveld refinement and quantitative
results in Table S1. XRD patterns of pure MFI samples and
MEL-25-S show close agreements with the expected reflections
of MFI and MEL phases, respectively [37]. In comparison with
MFI samples, the increasing ratio of intensity between the
(013) reflection at 23.7° and the (241) reflection at 24.3° in
MFI/MEL-25-S and MFI/MEL-50-L confirms the presence of
the MEL in the intergrowth samples [39]. The refinement in
Table S1 gives the unit cell parameters of all catalysts, which
correspond well with the reported values [37]. The XRD data
indicate a high crystallinity of all the utilized materials. The
crystallinity fraction shows that MFI/MEL-25-S contains
50%/50% of MFI and MEL phase, while MFI/MEL-50-L con-
tains 63%/37% of MFI and MEL phase.

The textural and acidic characteristics of the zeolite cata-
lysts are summarized in Table 1. The chemical compositions
give the actual Si to Al ratio in agreement with that as provided.
The SEM results (Fig. S1) show that intergrowth MFI/MEL-50-L
consists of the largest aggregates with a diameter of 2-5 um
while the other zeolites feature particle sizes below 1 pm. All
samples have a similar micropore volume of 0.15-0.16 cm3/g
resulting in similar N2 adsorption isotherms at P/Po < 0.6 (Fig.
S2). The smallest external surface area (27 m2/g) is observed
for the MFI/MEL-50-L featuring largest crystal size (830 A,
Table 1). The steep uptake of N2 from P/Po > 0.7 without an
evident hysteresis loop on the samples with the ‘S’ suffix is in
line with the developed external surface area of the small-
er-crystallite materials. As a consequence, Viotal, which is evalu-
ated on the isotherm point at P/Po = 0.95 shows that samples
with the small crystal size exhibit the larger amount of N> ad-
sorbed of 0.28-0.31 cm3 g-! than MFI-25-M (0.22 cm3/g) and
MFI/MEL-50-L (0.19 cm3 g-1). These results together with the
XRD data show that the crystal size varies as follows
MFI/MEL-50-L > MFI-25-M > MFI-25-S ~ MFI-50-S ~ MEL-25-S
~ MFI/MEL-25-S.

The acidic properties of the catalysts assessed by FTIR
spectroscopy of adsorbed pyridine confirm that the concentra-
tions of BAS in the Si/Al = 25 and 50 samples are consistent
with their chemical compositions, while MFI/MEL-25-S con-
tains a higher density of Lewis acid sites (LAS) than the others.
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Fig. 1. XRD data comparing patterns for investigated samples (a), and a highlighted 21°-26° range (b).
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Table 1

Summarized textural and acidic properties of studied catalysts.

Catalyst Si/Ala SiZDe b Veotal © Vimicro © Sext© Sperd BAS ¢ LASe

(mol mol™) (A (cm3/g) (cm3/g) (m?/g) (m?/g) (umol/g) (umol/g)

MEL-25-S 27 419 0.31 0.14 85 439 543 90
MFI/MEL-25-S 25 463 0.31 0.15 81 448 556 139
MFI-25-M 26 613 0.22 0.17 56 414 575 94
MFI-25-S 25 428 0.27 0.16 67 453 530 74
MFI/MEL-50-L 48 830 0.19 0.16 27 423 376 72
MFI-50-S 50 428 0.29 0.16 77 471 338 91

aMolar ratio determined by ICP-AES. P From crystal size analysis on the XRD pattern within 8.4°-9.8° by applying the Scherrer equation. ¢From N:
adsorption isotherms (Fig. S2) using the t-plot method. ¢From Nz adsorption isotherms using the BET method. ¢ Concentrations of BAS and LAS de-

rived from FT-IR spectroscopy analysis with pyridine as probe (Fig. S3).

The strength of BAS was assessed by FTIR of adsorbed CO. Up-
on interacting with CO, the downward shift in the OH stretching
frequency and the upward shift in the CO vibrations are direct-
ly related to the strength of BAS.[61] As shown in Fig. S4, a sim-
ilar Av(OH) (310-314 cm-! in Si/Al = 25 and 313-317 cm-! in
Si/Al = 50) is observed. Together with the similar C-O stretch-
ing shift (35-36 cm-! in Si/Al = 25 and 36-37 cm-! in Si/Al =
50), it indicates an almost identical strength of the BAS for all
studied samples [61-64]. BAS with slightly higher strength was
characterized for MFI-50-S and MFI/MEL-50-L, which is as-
cribed to the lower Al concentration in those materials [65,66].

3.2. Catalytic testing

To evaluate the MTO catalytic performance at steady-state
conditions, the overall MTO activity and deactivation as defined
by cumulative production yields and MeOH conversion capacity
[57], for all materials are summarized in Fig. 2. For all catalysts,
the main products are categorized into light olefins (ethylene
C2=, propylene C3= and butylenes Cs=), C1-Cs4 (methane, ethane,
propane and butanes), BTEX (benzene, toluene, ethylbenzene
and xylenes), and Cs.+ for undefined hydrocarbons with carbon
number higher than 4.

At the initial stage of the reaction full MeOH conversion is
achieved. With the increase in cumulative MeOH throughput all
catalysts deactivate giving rise to a rapid decrease in conver-
sion due to coke deposition blocking zeolite micropores and the
active sites [67]. For all catalysts, except for the shorter lived
MFI/MEL-50-L, the propylene selectivity remains constant
with TOS till MeOH conversion starts decreasing as shown in
Fig. S5. On the other hand, the selectivities to ethylene and
BTEX gradually decrease with TOS before MeOH conversion
drops. The similar profiles of ethylene and aromatics (BTEX)
within the 100% MeOH conversion range further support the
mechanistic proposal by Olsbye et al. [7] on the role of the ar-
omatics-based cycle for ethylene production.

The MeOH conversion capacity of MFI-50-S is 14.1 molcar-
bon/mmolsas, which is higher than 7.4 molcarbon/mmolgas ob-
tained over MFI-25-S, emphasizing the positive impact of the
lower Al concentration on the catalyst stability [15]. Regarding
the crystallite size, MFI-25-M with relatively larger crystal sizes
exhibits a slightly lower conversion capacity (6.6 molcar-
bon/mmolsas) than its counterpart MFI-25-S (7.4 molcar

bon/mmolgas). This is in line with previous observations that
mesoporosity development, achieved by either synthesizing
nano-sized zeolites or introducing a hierarchical structure,
improves the catalyst stability in the MTO process [68-71]. The
intergrowth MFI/MEL-25-S and MFI/MEL-50-L catalysts show
the lowest MeOH conversion capacity (ca. 5.8 and 6.1 molcar-
bon/mmolgas, respectively) suggesting the intergrowth of the
two zeolite phases increases the catalyst deactivation rate.

The product distributions in the MTO test are evaluated
based on the cumulative yields (Fig. 2(b)) and the carbon selec-
tivity at varying MeOH conversion levels (Fig. 3 and Fig. S6).
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Fig. 2. MeOH conversion as a function of cumulative MeOH throughput
(a) and cumulative carbon yields of different hydrocarbons until MeOH
conversion is at 50% (color bars) and estimated conversion capacity
(symbols to right axis) (b) for all studied catalysts in MTO tests. Reac-
tion conditions: T = 450 °C, mca = 40 mg (150-212 pm), 1 bar, WHSV =
5.2 gumeon/geat/h, carrier gas N2 = 50 mL/min. The full picture of MeOH
conversion and product selectivity curves as a function of TOS are pre-
sented in Fig. S5.
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Fig. 3. Carbon selectivity to propylene (a) and ethylene (b) as a function of MeOH conversion over studied materials. Reaction conditions: Reaction
conditions: T =450 °C, Mcat = 40 mg (150-212 pm), 1 bar, WHSV = 5.2 gumeon/geat/h, carrier gas N2 = 50 mL/min. Similar graphs of other product groups

are presented in Fig. S6.

Previous studies suggest the decrease in conversion in the later
stage of the MTO test (gradual deactivation) can be regarded as
the change in contact time due to the coke deposition particu-
larly for MFI-type and TON-type zeolites [57,72,73].

For all catalysts, the cumulative yields of propylene and bu-
tylenes are higher than other products (Fig. 2(b)), which sug-
gests the olefinic cycle reactions prevail over all materials at
studied MTO conditions. Similar to the trend in the MeOH con-
version capacity, MEL-25-S has the higher cumulative yield of
propylene (4.3 molcarbon/mmolgas) than MFI-25-S, MFI-25-M
and MFI/MEL-25-S (2.6, 1.9, and 1.8 molcarbon/mmolsas, respec-
tively) with Si/Al of 25. A similar trend was also observed for
samples with Si/Al of 50 emphasizing the impact of catalyst
stability on the cumulative yields in the MTO process.

Upon decreasing MeOH conversion, the selectivity to pro-
pylene and butylene decreases while that to ethylene gradually
increases (Fig. 3 and S6). The latter can be interpreted that
more polyaromatic precursors present in the catalyst during
the deactivation proceeds the dealkylation to give the ethylene
formation. To note, the trends of selectivity towards propylene
and ethylene are similar for all catalysts. Only the selectivity to
ethylene over MFI-25-S, deviates from this general trend,
showing no increase but a more constant level over a MeOH
conversion of 80%-20%. This correlates with the decreasing
BTEX over that range in contrast to the more constant level for
the other samples (Fig. S6). Focusing on the comparison of
product distribution over studied materials, the selectivity at
MeOH conversion of 80% is chosen as reference in this study.

The selectivity to propylene is 27% and 38% for
MFI/MEL-25-S and MFI/MEL-50-L, and 10% and 9% to eth-
ylene, respectively. This is in line with earlier reports showing
that a higher lattice Al concentration in MFI enhances the in-
teraction of substituted benzene intermediates with BAS giving
rise to the propagation of the aromatics-based cycle and, ac-
cordingly, an increased ethylene and BTEX selectivity in the
MTO process [25]. In a previous study the total light olefin se-
lectivity in MTO was observed to monotonically increase with
the crystal size, attributed to diffusion interference and a high-
er retention of methylbenzenes [74]. This latter is in line with a
higher selectivity to ethylene of MFI-25-M than MFI-25-S in our

study. Overall, the observed differences in selectivity levels for
the different samples (Fig. 3) point to the importance of other
intrinsic catalyst characteristics that define the performance
and selectivity of the MTO catalysts.

3.3.  Operando UV-vis spectroscopy

The active hydrocarbons formed from MeOH and then re-
tained in the zeolite frameworks are defined as the hydrocar-
bon pool intermediates [75,76]. During the MTO test, operando
UV-vis spectra of the catalyst were recorded to follow the for-
mation of the retained hydrocarbons. The results are displayed
in Fig. 4.

With operando UV-vis spectroscopy, aromatic intermediates
in MTO can be determined as well as polyaromatic compounds
which act as coke precursors and are thereby deactivating spe-
cies [12,18,58,59,77]. Only the UV-vis spectra of the first hour
of the reaction are represented as after this contributions of
broad coke features are increasing in intensity (Fig. S8), which
results in a more difficult comparison as the individual ab-
sorbance bands are less visible. On all catalysts, three main
features including the absorbance bands at ca. 35000, 23000
cm-! and a long tail in the 20000-12000 cm-! are remarkable
especially in the first 10 spectra corresponding to TOS up to 10
min. These absorbance bands are assigned, respectively, to
neutral methylated benzenes/cyclopentenyl carbocations,
methylated benzene/naphthalene carbocations, and (alkylated)
polyaromatics. For the MFI-type catalysts, the methylated ben-
zenes with a characteristic absorption band at 35000 cm-! are
widely accepted as the active species in the aromatic cycle to-
wards the production of BTEX and ethylene [7,12,77,78],
whereas, the polyaromatic species giving rise to the absorbance
band in the specified range 20000-12000 cm-! are attributed
to coke species [79,80]. The shape of the UV-vis profiles along
TOS differs greatly for all studied zeolites, clearly indicating the
different features (e.g., density, structure, etc.) of the retained
hydrocarbons present in MTO towards the steady-state MTO
product distributions. After reacting for 1 h for all zeolites, the
bands at 35000 and 23000 cm-! diminished in intensity while
the UV-vis absorption in the broad range of 20000-12000 cm-!
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Fig. 4. Time-resolved operando UV-vis spectra during MeOH conversion at 450 °C over studied catalysts. All spectra were collected during TOS within
0-1 h with 1 min interval. Band Assignments in the 40000-12500 cm-! are displayed in UV-vis spectra for MFI-25-M [58,59].

continuously grew, which is related to the accumulation of
polyaromatics, probably on the external surface hindering the
UV-vis absorption of inner species [77]. Compared with
MFI-25-S and MFI/MEL-25-S, the relatively weak UV-vis ab-
sorption for methylated benzenes (35000 cm-1) in MEL-25-S is
well in line with its high propylene and low ethylene selectivity
(Fig. 3), confirming the higher contribution of the olefinic cycle
in the dual-cycle mechanism. Additionally, the mediated con-
tribution of methylbenzenes for MFI/MEL-25-S is ascribed to
the combination of MFI and MEL structures.

A faster stabilization is observed of the UV-vis absorbance
bands for MFI-25-M compared to MFI-25. The relatively higher
contribution of polyaromatics (20000-12000 cm-1) for
MFI-25-M especially during the first 10 spectra might be relat-
ed to its faster deactivation than MFI-25-S (Fig. 2), and suggests
blocking the access to the larger crystallites of MFI-25-M and
hence a lower coke deposition (Fig. S7). When comparing zeo-
lites with the different Si/Al ratios, MFI-50-S shows very simi-
lar UV-vis spectra as MFI-25-S, while MFI/MEL-50-L shows a
much smaller band at 35000 cm-1, very similar to MEL-25-S in
the very early stage of the reaction. A low formation of less
methylated benzenes and/or charged monoenyl/cyclopentenyl
species (35000 cm-1) compared to the other zeolites, indicates
a less pronounced aromatic cycle resulting in a higher propyl-
ene selectivity over MFI/MEL-50-L.

3.4. Effect of external BAS

The external acid site was characterized by the 1,3,5-TIPB
cracking as a probe reaction. The critical diameter of 1,3,5-TIPB
(> 8 A) limits its diffusion into the micropores (< 6 A) of the
zeolites. Thus, the cracking of 1,3,5-TIPB selectively occurs at
the external crystal surface. To investigate the effect of external

acid sites on MTO stability, the 1,3,5-TIPB cracking results to-
gether with MeOH conversion capacity are plotted in Fig. 5.

The 1,3,5-TIPB cracking conversion indicates the different
external acid site concentrations for all catalysts. Among the
studied catalysts, the negligible cracking activity of
MFI/MEL-50-L at 200 °C correlates with its largest crystal size
(smallest external surface) and an ultimately low external acid
density in comparison with MFI-50-S. The latter is also evi-
denced by its higher Si/Al at the external surface than MFI-50-S
(Table S2). On the contrary, the highest 1,3,5-TIPB conversion
of MEL-25-S stands out and suggests the highest concentration
of BAS on its external surface. XPS analysis in Fig. S10 and Ta-
ble S2, however, indicates a lower Al content at the external
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Fig. 5. MeOH conversion capacity as a function of 1,3,5-TIPB conversion
over catalysts at 200 °C. Cracking conditions: T = 200 °C, Mct = 20 mg
(150-212 pum), 1 bar, Piss-mies = 0.3 kPa, carrier gas N2 = 50 mL/min.
Cracking conversion was averaged within TOS = 0.1-0.3 h. The full
picture of 1,3,5-TIPB conversion as a function of TOS were present in
Fig. S9.
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surface of MEL-25-S than that of MFI-25-M and MFI/MEL-25-S.

Mores et al. [81] observed coke deposited on the external
BAS in the MTO process blocks the pores for further access to
the internal BAS, which causes the catalyst deactivation. How-
ever, our results do not present a clear correlation between the
concentration of the external BAS and MeOH conversion capac-
ity (Fig. 5). MFI/MEL-50-L showing negligible cracking activity
at the outer surface also converts the lowest amount of MeOH
before deactivation in the MTO test. Further, the highest MeOH
conversion capacity is observed for MEL-25-S, which also
shows the highest 1,3,5-TIPB cracking conversion.

3.5.  Effect of aluminium location

Recent research shows that the isomorphous substitution of
T-sites by Al in the zeolite framework is not random [82,83].
Also the BAS facing cavities or channels are associated with
different catalytic activities, due to the confinement effects on
the intermediates [46,82,84,85]. To probe the Al distribution in
the zeolite catalysts and investigate its effect on the MTO per-
formance, three techniques were applied, namely, the UV-vis
analysis of Co-ion exchanged catalysts, 27Al MAS NMR, and C6
paraffin (3-MP and n-hexane) cracking tests.

3.5.1. Alpairing

The Al distribution in the zeolite catalysts was first quanti-
fied by combining Co(II) ion exchange and UV-vis spectroscopy
analysis. Co(II) exchange allowed quantification of Al pairing
and provided an insight into the Al distribution in the frame-
work [49,84]. The comparison of the Alpair fraction and MTO
performance (regarding selectivity towards propylene and the
MeOH throughput) of all zeolites is presented in Fig. 6.

The results in Fig. 6 and Table S3 point to the very different
Al pairing in the studied zeolites. MEL-25-S and intergrowth
MFI/MEL-25-S have a large fraction of Alpair, 47% and 46%,
respectively. Two MFI-type catalysts, MFI-25-S and MFI-25-M
show a similar fraction of Alpair, 29%, and 30%, respectively.
MFI-50-S with the lower Al contents has 42% of Alpair, Whereas
MFI/MEL-50-L has only 13% of framework Al in paired config-
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urations. The location of Alpair sites was further analyzed by
deconvoluting the UV-vis spectra of fully dehydrated
Co-exchanged samples (Fig. S11) following the procedures
reported by Dédecek et al. [48, 49] Most of Alpair is located at
the intersections, in line with the previous studies. MEL-25-S
and intergrowth MFI/MEL-25-S have the higher fraction of
Alpair (77%) at the channel intersection sites than 71%-73% for
MFI-25-S, MFI-25-M, and MFI-50-S. The MFI/MEL-50-L has
68% Alpair at the channel intersections.

Previous research indicated that Al in pair (able to host the
Co?* hexa-aqua-complex during ion exchange) could cooperate
during acid-catalyzed reactions such as MTO on BAS [47]. From
this perspective, hydrogen transfer and aromatization reac-
tions that require higher activation energy should occur more
easily over Alpair leading to more aromatics products and lower
selectivity towards propylene. However, such struc-
ture-performance correlation is not observed in this study.
MEL-25-S containing the highest amount of Alpair (47%) with
77% of them at intersections shows the highest selectivity to
propylene, as the typical product from the olefinic cycle in MTO
process. Furthermore, results in Fig. 6(b) suggest that the frac-
tion of Alpair also does not correlate with the MeOH conversion
capacity. MEL-25-S and MFI/MEL-25-S both contain a relatively
high fraction of Al in pair compared to other catalysts. Howev-
er, MEL-25-S converts the largest amount of MeOH before de-
activation, whereas MFI/MEL-25-S converts the smallest
amount of MeOH and represents the least stable MTO catalyst
in the group of Si/Al = 25 (Fig. 2(a)).

3.5.2.  Allocation

NMR measurements were performed to provide a more
general view of Al (no matter pairing or single) at different
locations in the framework. Fig. 7 shows two dimensional (2D)
27A1 MQ/MAS NMR spectra with corresponding 1D 27Al MAS
NMR spectrum on the top in the 65-45 ppm range.

All 27A1 MAS NMR spectra contain a broad peak at 65-45
ppm and a low-intensity peak at ~0 ppm, suggesting that most
Al atoms are located at tetrahedral sites (T-sites) and few Al
atoms at extraframework locations with octahedral coordina-
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Fig. 6. Selectivity to propylene (a) and MeOH conversion capacity (b) versus the proportion of Alyir of tested samples. Alp.ir is measured based on Co

concentration determined by ICP-AES after Co ion exchange.
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tion [64,86]. 2D 27Al MQ MAS NMR spectrum reflects the iso-
tropic chemical shift (8iso0) accompanied by the second-order
quadrupolar effect (Sq) in F1 projection. The ellipsoidal 2D
contour and asymmetrical F1 projection clearly show the
presence of overlapping signals within 64-45 ppm, which re-
veals that Al is located at different T-sites in the zeolite unit cell
[83]. To distinguish these Al atoms, the broad signal at 65-45
ppm were deconvoluted into five peaks at 58, 56, 55, 54 and 52
ppm. The results are presented in Fig. S12 and the numerical
analysis results in Table 2.

Significantly different proportions of the characteristic
peaks were obtained for all zeolites (Table 2), which indicate
the diverging Al distribution over the different positions in the
frameworks.

Based on the combination of the C6 paraffin cracking and
27A1 MAS NMR deconvolution results, Yokoi et al. [42] attribut-
ed the peak at 56 and 53 ppm to the T-sites facing the straight
or sinusoidal channels, whereas the signal at 54-55 ppm was
assigned to the T-sites of ZSM-5 intersections. A similar as-
signment for ZSM-11 zeolite was carried on the basis of DFT
calculations by Wang et al. [33]. Here, the peaks at 56 ppm and
55 ppm were assigned to T-sites facing the straight channels,
while the other peaks in the 27Al MAS NMR spectra to the in-
tersection sites of ZSM-11. Following these assignments, our
data (Table 2) reveal that in the group with Si/Al 25, MEL-25-S
contains the highest fraction of Al in the straight channels. The
related MFI-25-S shows a comparable Al distribution with only
a slightly higher fraction of Al occupying the intersection sites.
The preference for Al sitting at the intersection sites is most
pronounced for MFI/MEL-25-S and MFI-25-M samples. At low-
er Al content, the fraction of Al in the channels slightly increas-
es suggesting a better Al dispersion in the lattice.

The results in Table 2 suggest that the Alchannel fraction and
selectivity to propylene and butylene (Fig. 3 and S6) correlate
well for all studied catalysts. MEL-25-S and MFI/MEL-50-L
show the highest selectivities of propylene (35%-36%) and
butylenes (16%-18%) in line with their highest fraction of Al in
the channels. However, in view of the typical +5% uncertainty

in the deconvolution of 27Al MAS NMR spectra [87], additional
characterization of the Al distribution was carried out.

To further distinguish framework Al located in channels or
intersections, 3-methylpentane (3-MP) cracking at 400 °C was
performed on all catalysts. The location of framework Al was
based on the different product selectivity observed, originating
from the different transition-state shape selectivity for inter-
section or channel. Monomolecular 3-MP cracking selectively
forms hydrogen, methane, and ethane, whereas the simultane-
ous bimolecular cracking forms larger carbenium ions and
eventually aromatics via the classical hydrogen transfer and
dehydrogenation reactions and hardly yields products below
C3 (Scheme S1). Because bimolecular cracking via a bulky tran-
sition state is more restricted than monomolecular cracking in
the narrow channels of ZSM-5 or ZSM-11, the production level
of lower hydrocarbons (methane and ethane) and hydrogen
from monomolecular cracking can be used to describe the
proportion of Al in the channels [42,88]. 2,4-DMQ was added to
avoid unselective cracking at the external crystallite surface.

The shape selectivity of different zeolite topologies for
n-hexane and 3-MP cracking has also been quantified by the
so-called CI presented in Section 2.3 [42,89,90]. In our case,
however, the studied materials possess a very similar chan-
nel/intersection structure and the sensitivity of this approach
becomes less distinctive. Furthermore, the heterogeneous posi-
tion distribution of lattice Al, shown by 27Al MAS NMR, will
affect the cracking mechanism of 3-MP leading to different
3-MP conversions and CI values [42]. As example serves the CI
test over MFI-25-S and MEL-25-S here. The n-hexane and 3-MP
cracking (Fig. S14) over MEL-25-S and MFI-25-S shows that the
CI (constraint index) value for MEL-25-S (1.2) is slightly larger
than for MFI-25-S (1.0), and would suggest a larger steric hin-
drance in MEL-25-S than MFI-25-S [42,89,90]. However, this
observation is opposite to the fact that the pore size of MEL is
slightly larger than MFI. Thus, in this study, CI serves more as a
descriptor for a different lattice Al-distribution rather than a
steric reactant hindrance of zeolite topology [42].
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The overall 3-MP conversion of <5% for all materials is well
located in the differential regime, so activity and product selec-
tivity can be directly compared [91]. Accordingly, an excellent
correlation between MTO selectivity to propylene and 3-MP
cracking selectivity towards hydrogen, methane and ethane is
observed for samples with the same Al content (Si/Al = 25 or
50). MEL-25-S shows the highest selectivity towards hydrogen,
methane and ethane (55%), whereas MFI-25-M the lowest
selectivity (13%). Combined with Table 2, this means that the
higher the fraction of Al in channels, the higher the selectivity
towards propylene in MTO regardless of the zeolite structure
except for MFI/MEL-25-S. Interestingly, an even better correla-
tion between selectivity to propylene and Al fraction at chan-
nels is observed when the selectivity at steady-state conditions
(MeOH conversion of 100% at TOS of 1 h in Fig. S5) is chosen
for all catalysts, in which MFI/MEL-25-S exhibits a higher se-
lectivity to propylene than MFI-25-M.

These results correlate well with the deconvolution results
from 27Al MAS NMR, which also indicates a higher fraction of Al
in the channels on MEL-25-S than on MFI-25-M. An indicative
trend between MTO propylene selectivity (activity of olefinic
cycle) and Al location in the channel from NMR and from 3-MP
cracking is also found for the samples with Si/Al of 50. With the
lower Al content of MFI-50-S and MFI/MEL-50-L, the bimolec-
ular cracking of 3-MP is a more dominant pathway because of
the much lower activation energy [54], resulting in selectivity
towards methane, ethane and hydrogen below 17%. This also
accounts for the higher total 3-MP conversion data (Table S4)
for the samples (Si/Al = 25) with a higher Al fraction in the
intersections (Table 2). The exceptional case is MFI-50-S. It
exhibits the second highest 3-MP conversion of 3.3% among all
studied materials, which might indicate the extraordinarily
high proportion of Al located at the intersection and the lower
selectivity to propylene than MFI/MEL-50-L.

3.6. Discussion

The objective of this study was to reveal key performance
parameters of three 10-MR zeolite catalysts, viz. MFI, MEL, and
a mixed MFI/MEL structure, in the MTO reaction, with the fo-
cus on MTO activity, product selectivity (propylene) and stabil-
ity for two Si/Al ratios. MEL has a similar channel/intersection
system as MFI with similar (slightly larger) nano-scale dimen-
sions, but with only straight channels, while MFI/MEL samples
contain an MFI and MEL intergrowth structure, which is more
than simply a physical mixture.

Table 2
The fraction of various peaks obtained from the 27Al MAS NMR spectrum.
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Fig. 8. Carbon selectivity to propylene versus selectivity towards hy-
drogen, methane and ethane of 3-MP monomolecular cracking over
samples with Si/Al of 25 (a) and Si/Al of 50 (b). 3-MP cracking condi-
tions: T'= 400 °C, mcat = 20 mg (150-212 pm), 1 bar, carrier gas N2 = 50
mL/min, 3-MP partial pressure = 3.8 kPa in the presence of 2,4-DMQ
(<0.1 kPa). The product selectivity is averaged values within TOS =
0.1-0.4 h. The full-scale picture along TOS is given in Fig. S13.

MTO tests and operando UV-vis spectroscopy measure-
ments reveal completely different product distributions and
MTO lifetimes coupled with the different features of retained
hydrocarbons in all three zeolite structures. With the same Al
content (origin of the BAS) and BAS strength, the MEL-type
zeolite is shown as the most propylene-selective catalyst in the
MTO test, which is in line with reported observations [33,92].
Unlike the shorter MTO lifetime of MEL-type zeolites than of
MFI-type zeolites in [33], in our study MEL-25-S exhibits the
highest MeOH conversion capacity, more than 50% higher than
MFI-25-S and MFI/MEL-25-S. On the other hand,
MFI/MEL-50-L shows the higher selectivity to propylene than
MFI-50-S. Even two MFI-type samples with Si/Al of 25 exhibit
different MTO performance regarding conversion capacity and
product selectivity. All these observations indicate that besides
the zeolite topology and Al content (BAS density) other param-
eters are involved in controlling their catalytic performance.

Of the various techniques applied only the 3-MP cracking,
and the 27Al MAS NMR spectra analysis revealed a clear corre-
lation between the propylene selectivity in MTO with the Al
located in the channels of the zeolites, regardless of zeolite
framework and crystal size (Fig. 8): the more Al located in the
channels, the higher the selectivity to propylene and butylenes
is observed. This seems the primary key performance parame-
ter in this reaction. This suggests that 1D 10-MR zeolites, con-

Characteristic peaks proportion/%

Catlyst Aliersecion/ % Alctame/% 58+0.3 ppm 56+0.2 ppm 55+0.5 ppm 53+0.4 ppm 52+0.3 ppm
MEL-25-S 46.4 53.6 11.1 24.0 29.6 24.1 11.2
MFI-25-S 479 52.1 9.0 28.6 242 23.6 14.7
MFI/MEL-25-S 48.7* 51.3* 14.2 25.0 28.6 24.1 8.2
MFI-25-M 49.3 50.7 11.7 25.5 24.8 25.3 12.7
MFI-50-S 47.0 53.0 8.0 269 255 26.1 13.5
MFI/MEL-50-L 45.2* 54.8* 15.3 32.1 31.8 18.3 2.5

* Al proportions for intergrowth samples were calculated based on the fraction of MFI and MEL phase in Table S1.
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taining only channels would be the preferred catalysts, com-
pletely suppressing the aromatics-based cycle. Indeed, no aro-
matic products were observed for ZSM-22 and ZSM-23 cata-
lysts, although ZSM-48 with slightly wider channels did [73,93].
Aromatics were formed in all catalysts, but were trapped in the
former systems and only could diffuse out of the latter, similar-
ly as for 1D 12-MR ZSM-12 [94]. Comparing ZSM-22 with
ZSM-5 and ZSM-11 revealed, however, a lower propylene se-
lectivity, ~38% versus ~50%, and a much shorter lifetime [26].
Introduction of mesoporosity by desilication and acid treat-
ment doubled the ZSM-22 lifetime with retained shape selec-
tivity [33], suggesting an easier escape of coke precursors like
in the case of ZSM-48 [73]. So, the high propylene and butylene
selectivity of the 10-MR MEL-25-S is attributed to its high frac-
tion of Al located in the channels, similar as for the mixed phase
MFI/MEL-50-L. The latter has the highest light olefin selectivi-
ty, indicating that an optimal BAS concentration exists for an
optimal performance [31]. Our results confirm the results of
Wang et al. [33] observing and Al enrichment in the intersec-
tions of ZSM-5 and in the channels of ZSM-11. We further ex-
tend this rule to the intergrowth MFI/MEL samples. These
findings provide a rational basis for the targeted synthesis of
3D 10-MR zeolites with only Al located in the channels for im-
proved olefin production. An enrichment of Al in the channels
was indeed obtained by Li et al. [82] by preparation of
B-Al-ZSM-5 and removal of B that preferentially resided in the
intersections. This indeed improved the propylene and butyl-
ene selectivity in MTO. These post-synthesis approaches con-
firm the attempts to concentrate Al in the channels of ZSM-5
(or remove it from the intersections) to improve the MeOH
selectivity towards the lower olefins, in agreement with the
results for theta-1 (TON-type, 1D zeolite) [34,95].

The correlation between Al located in the channels and
MeOH selectivity towards propylene (or light olefins) holds for
all three zeolite structures, which further suggests the Al loca-
tion is a more significant factor than zeolite structure, at least
among MFI, MEL, and MFI/MEL in MTO, while other properties
(crystal size, Al-content and external BAS) are of secondary
influence (less pronounced), affecting selectivity, coke deposi-
tion, and time-on-stream MTO activity.

It is rather difficult to determine a single key parameter
controlling the MTO deactivation in this study. Smaller crystals
provide shorter diffusion distances for (poly)aromatics to es-
cape and a larger external area (capacity) for coke deposition.
In larger crystals, the lower coke deposition in the outer crystal
regions can limit accessibility to the BAS resulting in a faster
deactivation and less coke. This might also explain the fast de-
activation for MFI-25-M in comparison with other catalysts
with the smaller crystal size.

Co(II) ion-exchange coupled with ex-situ UV-vis analysis re-
veals that a large fraction of Alpair is located in the intersection
regardless of Si/Al and zeolite structure. But there is no clear
correlation between Alpair information (fraction or location)
with the MTO deactivation. Both MEL and MFI/MEL catalysts
with the same Al content contain ca. 46% Alpair with more than
70% of them in the intersection, but the MEL-type zeolite is
shown as the most stable, while MFI/MEL-25-S the least stable

catalyst in the MTO test (Fig. 2). Another notorious example is
MFI/MEL-50-L, which contains the smallest fraction of Alpair
but deactivates quickly in MTO. By applying 1,3,5-TIPB crack-
ing, probing the acidity on the external surface of the samples,
combined with XPS analysis (Table S2), a heterogeneous dis-
tribution of Al within the zeolite particle is observed. As the
uncontrolled alkylation of hydrocarbons leading to coke depo-
sition on the external BAS in MTO could block the pores for
further access to the internal active sites [81], a less acidic out-
er surface expectedly correlates with the longer MTO lifetime
and vice-versa. It explains the exceptionally high level of exter-
nal BAS coupled with the low MeOH conversion capacity on
MFI-25-M (Fig. 5). The intergrowth sample with Si/Al of 25
shows the highest level of external BAS, corresponding with the
lowest MeOH conversion capacity (Fig. 5) in comparison with
the MFI-type and MEL-type samples with the same Al content
and crystal size. However, MEL-25-S exceptionally contains a
higher fraction of external BAS but shows a higher MeOH con-
version capacity than MFI-25-S, while MFI/MEL-50-L shows
negligible external BAS coupled with a much lower MeOH con-
version capacity than MFI-50-S. Clearly, the impact of Al distri-
bution in the framework cannot be ignored. The MTO deactiva-
tion is closely related to the activity of the aromatic-based cy-
cle, as polyaromatics are commonly described as the coke spe-
cies. The higher level of Al located in the channels not only di-
rects the MeOH selectivity towards light olefins, but also re-
duces the contribution of the competing aromatic-based cycle
eventually leading to polyaromatics deposition. This might
explain the high production of light olefins coupled with the
largest MeOH conversion capacity for the MEL-type catalyst.

4. Conclusions

The property-performance relationship in the MTO process
for three zeolite structures of MFI, MEL, and intergrowth
MFI/MEL were evaluated via a series of characterization tech-
niques and probe reactions. The MTO test combined with op-
erando UV-vis spectroscopy shows that product selectivity,
MeOH conversion capacity, and retained hydrocarbons before
deactivation are significantly different for the studied zeolites.
Besides the morphology and Al content, more intrinsic aspects
concerning Al distribution were revealed and their correlations
with the catalytic performance were discussed. Through 27Al
MAS NMR analysis and 3-MP cracking, an excellent correlation
between Al location and MeOH selectivity towards propylene
and butylenes is observed regardless of the different zeolite
frameworks. The higher level of Al located in the channels
(straight or sinusoidal) suppresses the propagation of the aro-
matic cycle, which requires spacious space like intersections,
and favours the olefinic cycle. Therefore, the MeOH selectivity
towards C3-Cs light olefins is considerably improved for
MEL-type and one MFI/MEL intergrowth zeolite containing the
highest fraction of Al in the channels. The intergrowth of MFI
and MEL phases accelerates the catalyst deactivation rate evi-
denced by the lowest MeOH conversion capacities in the MTO
process.

Other zeolite parameters as Alpair and external BAS concen-
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tration, evaluated via Co ion-exchange technique and
1,3,5-TIPB cracking, showed lack of a clear correlation with
MeOH selectivity and suggests these parameters are of less
pronounced influence on product distribution, specifically the
production of propylene. No correlation between these param-
eters and MeOH conversion capacity was obtained, revealing
MTO deactivation is a rather complex process, which cannot be
captured by a single parameter. Crystal size, Al-content, exter-
nal BAS and Al-distribution in the framework all affect the de-
activation. All these characterizations and probe reactions still
comprise part of catalyst properties that potentially affect the
catalytic performance. More key parameters, such as diffusivity
within the zeolite micropore [96] are not analysed quantita-
tively in this study, but their impact on the MTO mechanism
especially for the intergrowth MFI/MEL samples cannot be
ignored.

This work not only provides the direct relationship between
zeolite acidic properties and their catalytic influence in the
MTO process benefiting the rational catalyst design for the
MTO process but also reveals that methanol transformation in
the zeolite is an extremely complex process, which is affected
by multiple parameters to a different level. Our study also high-
lights the importance of an integrated approach to characterize
and analyse all intrinsic properties of zeolite catalysts in the
MTO process.
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