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1. Introduction

Zeolites are essential catalysts in the petrochemical industry
due to their highly ordered framework structures, well-defined
micropores, tunable acidic properties, excellent thermal and
hydrothermal stabilities, and unique shape-selective properties
arising from the structure confinement effect.'” In light of the
diminishing availability of petroleum and severe environmen-
tal pollution issues, the conversion of one-carbon (C1) mole-
cules (representative as methanol, carbon monoxide, carbon
dioxide, and methane) into value-added chemicals and fuels
has garnered significant attention in both industry and
academia.*®*™* As proposed by George A. Olah,' methanol,
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which can be manufactured from a variety of non-oil resources,
including coal, natural gas, organic waste, biomass, and even
renewable CO, sources, offers a viable alternative to petroleum
in the chemical industry."® It serves as a bridge between current
fossil resource-based economic systems and future renewable
energy frameworks (Fig. 1). As a platform chemical, methanol
can be converted into a wide range of derivatives, such as acid-
catalyzed generation of hydrocarbons (MTHs),"”™*° specifically
olefins (MTOs),"*>* gasoline (MTG),>* aromatics (MTAs),>**’
and ethanol (MTE)**7*" via carbonylation and hydrogenation.
In particular, zeolite-catalyzed MTO and MTE processes
have been industrially commercialized, with large-scale produc-
tion occurring in commercial plants in China in recent years.
Typical techniques were developed by the Dalian Institute of
Chemical Physics (DICP), including the fluidized-bed DMTO
process and the fixed-bed DMTE process, using methanol
originating from coal as the raw material. Thus far, DMTO
technology has evolved through three generations and has been
licensed for 36 commercial units. Among these, 18 licensed
units have commenced commercial-scale MTO operations,
delivering a total olefin output exceeding 13 Mt a '. Here, it
is particularly necessary to provide a brief introduction to the
DMTE process. The DMTE process involves the dehydration of
methanol to produce dimethyl ether (DME), followed by the
carbonylation of DME with carbon monoxide over the H-MOR
zeolite to generate methyl acetate (MA), which is subsequently
hydrogenated to yield ethanol. Thus far, DMTE technology has
been licensed for 14 commercial units, with an annual ethanol
production capacity of 4.55 Mt a~'. Since the core reaction of
the DMTE process is the carbonylation of DME on the H-MOR
zeolite, we focus on elucidating this key reaction mechanism
within the MTE process. Notably, DME carbonylation discussed
here specifically refers to the zeolite-catalyzed DME carbonyla-
tion. This industrialization not only develops novel, efficient
pathways for the oriented production of fuels and chemicals,
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Fig. 1 Schematic of the technical roadmap for methanol conversion processes.

but also provides typical examples of heterogeneous catalysis
systems that involve complex multi-step reactions catalyzed by
zeolite acidic sites within confined pores or cavities. Despite
this progress, the relationship between MTO and DME carbo-
nylation reactions remains underexplored. Notably, both MTO
and MTE reactions are based on the same precursors, methanol
or methanol-derived DME, but differ in catalysts (MTO: SAPO-
34 vs. MTE: MOR) and operating conditions (temperature,
pressure, and process techniques). In both reactions, the
evolution of surface methoxy species (SMS) is crucial for the
coupling of C-C bonds for the upgrade of the products.
Specifically, in DME carbonylation reactions, the incorporation
of CO into the C-O bond of SMS (a process known as the Koch-
carbonylation) is proposed as the key step in the initial C-C
bond formation in MTO reactions.>*** However, the MTO
reaction was considered as a side reaction that mainly con-
tributes to the catalyst deactivation in DME carbonylation.**?*
Therefore, understanding the fundamental mechanisms of
these two methanol-mediated reactions is critical for designing
of high-performance catalysts, improving heterogeneous cata-
lysis efficiency, advancing industrial applications, and enrich-
ing catalytic theories in the field of zeolites.

Significant progress has been made in elucidating the
molecular mechanisms of these catalytic reactions, driven by
the unprecedented development of in situ/operando character-
ization techniques, including X-ray diffraction analyses, ima-
ging techniques, infrared spectroscopy, and solid-state nuclear
magnetic resonance (ssNMR).>***® Among various characteriza-
tion techniques, sSNMR spectroscopy is a routine and powerful
tool for characterizing both zeolite frameworks (primarily con-
taining >°Si, *’Al, and 70, with surface hydroxyl groups repre-
sented by 'H,) and organic reactants (predominantly composed
of 'H and "*C) on zeolite catalysts. SSNMR spectroscopy pro-
vides comprehensive insights into catalytic processes by offer-
ing accurate characterization of catalyst structure and acidity,
in situ monitoring of the dynamic reaction processes, atomic-
level measurement of both weak and strong interactions, and
determination of diffusion properties of zeolites.**™**

This review focuses on MTO and DME carbonylation reac-
tion, aiming to bridge the gap between the fundamental
mechanistic insights and industrial advancements in catalytic
process development. Over the past decade, several excellent
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reviews on the MTO process have highlighted key topics,
including industrial process development,®"** catalyst
synthesis,”"***? reaction mechanisms (such as shape selectiv-
ity, and catalyst deactivation),'” *93»3%44748 through the inte-
gration of experimental methods with quantum chemistry and
molecular dynamics simulations. However, a critical gap per-
sists in the literatures: systematic reviews that bridge
molecular-scale reaction mechanisms and industrial process
optimization remain notably absent. This critical gap signifi-
cantly diminishes the engagement of applied researchers and
industrial practitioners who seek actionable guidance from
fundamental studies. Several reviews have attempted to link
fundamental research with catalyst design and MTO perfor-
mance. For instance, the seminal review by Weckhuysen and
Gascon' summarized the mechanistic insights into MTH and
promoted the rational design of catalysts based on these
insights. Additionally, contributions from Deng,***"*%°
Ivanova,”"*?> Hou,”® Ramamoorthy,”® and Kong® have system-
atically reviewed their development and application in ssSNMR
spectroscopy, focusing on technical advancements, structural
and acidic characterization of zeolites, synthesis/crystallization
mechanisms, host-guest interactions, and reaction mechan-
isms in zeolite-catalyzed processes. While these reviews offer
valuable insights into mechanistic understanding through
spectroscopic techniques, opportunities remain to further clar-
ify their translational relevance for guiding industrial process
optimization strategies. Two perspectives from our group in
2015*° and 2025 historically traced the transition of
laboratory-scale research into commercial technology in DICP
and elucidated fundamental chemical issues concerning the
essence of the dynamic evolution of the MTO reaction and the
cross-talk mechanisms among diffusion, reaction, and catalyst
(coke modification), which are crucial for technology develop-
ment and process optimization. However, the systematic use of
in situ spectroscopy to obtain molecular-scale mechanistic
insights and their connection to practical industrial processes
has not been thoroughly elaborated. Moreover, comprehensive
reviews on the mechanistic understanding of the carbonylation
of DME over zeolites, particularly concerning catalyst design
and industrial process optimization, remain scarce.”>?" Nota-
bly, the inherent correlation between the catalytic mechanisms
of MTO and DME carbonylation has yet to be thoroughly

This journal is © The Royal Society of Chemistry 2025
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explored. The ultimate goal in catalysis is correlating these
mechanistic insights with practical applications such as
catalyst design and process engineering. Over the past decade,
substantial progress has been achieved in both fundamental
research and industrial process development of MTO and MTE,
alongside the advancements in advanced ssSNMR spectroscopy.
A systematic review integrating these fundamental and applied
advances is therefore critically needed to bridge mechanistic
insights with industrial implementation and inspire future
innovations.

In this review, we specifically focus on the role of ssSNMR
spectroscopy in the industrially mature MTO and DME carbo-
nylation processes, both of which represent important hydro-
carbon conversion processes involving comprehensive acid-
catalyzed mechanisms. Taking account of the rapid advance-
ments in both MTO and DME carbonylation processes, it is
essential to review the achievements covering the full spectrum
of research in this field in the last decade. In industrial
processes, ssSNMR has been proven invaluable for characteriz-
ing zeolite structures and acidity, elucidating reaction mechan-
isms, and bridging the gap between fundamental research and
industrial development. To achieve this aim, this review begins
with a summary of recent advancements in ssSNMR techniques
applied to zeolite-catalyzed reactions in Section 2. Building on
these insights, we review the application of advanced ssNMR
techniques in MTO and DME carbonylation reactions in
Sections 3 and 4, and discuss how these fundamental under-
standings are associated with the industrial process. Finally,
Section 5 emphasizes the current challenges and further per-
spectives for broader applications of sSNMR in zeolite-catalyzed
processes. We anticipate this review will establish a methodo-
logical framework, bridging advanced characterization techni-
ques with practical implementations in heterogeneous catalysis,
while propelling the innovation of zeolite materials.

2. Advanced solid-state
NMR techniques

SsNMR has proven indispensable for characterizing catalysts
and probing reaction mechanisms in heterogeneous catalysis.
This technique uniquely deciphers atomic-level structural
features including local coordination environments, intermo-
lecular interactions, and molecular dynamics through simulta-
neous detection of nuclear chemical environments in both
catalysts and adsorbed species, while establishing critical spa-
tial correlations between nuclei. Because of the dynamic nature
of catalytic reactions, it is critical to develop in situ techniques
that enable monitoring of the catalyst structure and reaction
process and observing the intermediates under working
conditions. The development of ssNMR techniques has
been extensively documented in excellent research articles,
reviews, and books, which provide a comprehensive introduc-
tion to the basic theories, novel methods, and applications
in the characterization of catalytic materials and reaction
mechanisms,**#149751:53:56:57 1 this section, we briefly
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summarize the widely used methods in the study of the
zeolite-catalyzed methanol conversion process.

2.1. In situ ssSNMR techniques

The in situ ssNMR technique has become a pivotal tool for
investigating catalytic reaction mechanisms due to the ability of
real-time observation of catalytic reactions under working con-
ditions, capturing intermediates and elucidating the dynamic
interactions among catalysts, reactants, intermediates, and
products at the molecular level.’® To address varying opera-
tional requirements, two specialized in situ magic angle spin-
ning (MAS) NMR configurations have been established: (1)
batch-like conditions for closed-system analyses and (2)
continuous-flow conditions for real-flow system analyses
(Fig. 2).

Under batch-like conditions, glass ampoules or gas-tight
rotors were designed as microreactors that allow direct loading
and sealing of catalysts and reactants under vacuum and avoid
exposure to external environments. These microreactors can
withstand high pressures up to 22.5 MPa and a wide range of
temperatures from 273 to 973 K.*° The evolution of the batch-
like mode in ssNMR techniques has progressively narrowed the
gap between laboratory analysis and industrial reaction
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conditions through iterative technological advancements, as
evidenced by the capability to achieve harsher reaction condi-
tions involving higher temperatures and pressures. Early meth-
ods involving glass ampoule sealing and liquid nitrogen
quenching had both advantages and limitations. While com-
mercially available equipment and inserts facilitated the pro-
cess, and a major drawback was the inability to add reactants or
extract products after sealing.®® Haw et al.®" introduced a major
advancement by developing the cryogenic adsorption vessel
enabling rotor nestling (CAVERN) system, which facilitated
direct in situ encapsulation of catalysts and reactants. This
innovative design enabled real-time spectral dynamics to be
monitored during temperature variations using a variable
temperature (VT) probe, although its application remained
restricted to ambient-pressure conditions. To meet the pressur-
ization requirements, the modular high-pressure rotor system
developed by Hu and collaborators®*** achieved controlled
pressures of 15-20 MPa through specialized loading chambers
and valves. The geometric optimization of plastic valve adapters
enhanced pressure tolerance; however, high-temperature seal-
ing continued to depend on adhesives and PEEK materials.
Subsequent advancements in materials and component design
further enhanced the capability to achieve higher temperatures
and pressures. Notable developments include MACOR ceramic-
threaded rotors and WHIMS (based on the initials of its
designers, Walter, Hoyt, Mehta, and Sears) rotors,*>®® which
enabled breakthroughs in reaction temperature and pressure
control (MACOR: 403 K, 1 MPa; WHIMS: 523 K, 22.5 MPa).
However, these rotors were only compatible with Varian, Agi-
lent, and Phoenix probes. To overcome this limitation, Zhao
and Hou et al.%” developed a rotor specifically designed for
Bruker commercial probes. By integrating screw threads onto
the ZrO, drive cap with a minimal length, the team employed
extremely high-precision machining techniques to ensure the
high coaxiality for high-speed spinning. The rotor, constructed
entirely from ZrO, ceramic except for the sealing O-rings,
achieves a spinning rate exceeding 8 kHz. By using perfluoro
elastomer O-rings, it withstands sealing temperatures up to
523 K and pressures up to 10 MPa. These rotors have been
successfully applied to mechanism studies of methanol
reforming®® and syngas conversion.®®’° Batch-like in situ tech-
niques have been extensively applied in studying the mecha-
nism of methanol conversion over zeolite catalysts, facilitating
the detection of reaction intermediates, identification of pro-
ducts, and analysis of host-guest interactions. However, these
methods remain limited in resolving the initial adsorbing and
activating processes of reactants, as well as the characterization
of intermediate species under reaction conditions.

Since the pioneering development of the pulsed-quench flow
reactor by the research team led by Haw in 1998,”" in situ
ssNMR catalysis research has undergone significant technolo-
gical advancements. The proposed three-step methodology,
involving helium-purged catalyst activation, pulsed reactant
injection, and millisecond-scale liquid nitrogen quenching
(At < 200 ms), enabled rapid thermal quenching from reaction
temperatures exceeding 573 K to ambient conditions. This

6656 | Chem. Soc. Rev, 2025, 54, 6652-6696
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“chemical snap-freeze” technique facilitated the first success-
ful room-temperature capture of high-temperature surface
intermediates, such as metal carbene species and protonated
cyclic intermediates, providing crucial spectroscopic evidence
for elucidating C-H activation mechanisms.”” Recently, it has
also been applied in high-pressure systems to study the mecha-
nism of syngas conversion.”> Hunger et al.”* modified a com-
mercial Bruker 7 mm MAS NMR probe to develop a continuous-
flow magic-angle spinning NMR (CF MAS NMR) microreactor
system with structural innovations. The design utilizes a glass
tube axially positioned in the MAS rotor, through which reac-
tants are carried by gas flow through the catalyst bed (bottom-
to-top direction) and exit via an annular gap in the rotor cap.
This in situ flow technology enables multidimensional charac-
terization when coupled with UV-Vis spectroscopy’” and gas
chromatography (GC).”® In addition, integration with laser-
hyperpolarized *Xe NMR”’ techniques significantly enhances
sensitivity and reduces acquisition time. The CF MAS NMR
system has been instrumental in studying methanol adsorption
on zeolites and the formation/transformation of methoxy spe-
cies. However, its open-channel design limits operation to
ambient pressure, which is inadequate for higher pressure
processes such as DME carbonylation, requiring pressures
above ambient pressure. Notably, pressure variations signifi-
cantly affect methanol conversion mechanisms. Additionally,
the high cost of isotopic reagents imposes a financial burden
on labelling strategies. Both batch-like and continuous-flow
conditions provide complementary mechanistic insights, as
demonstrated in studies of MTO and DME carbonylation
reactions.”®’%”°

2.2. Signal enhancement

Due to the inherently limited sensitivity arising from the small
population differences in the Boltzmann distribution of
nuclear spins under thermal equilibrium, signal enhancement
has been a longstanding objective to expand the scope of NMR
applications. NMR sensitivity depends on the strength of the
magnetic field and the intrinsic properties of nuclei, including
the gyromagnetic ratio (y) and spin quantum number (I). While
employing high-field superconducting magnets (e.g., >14.1 T)
and cryogenic probe technology are straightforward methods to
enhance the NMR sensitivity, these hardware-based approaches
encounter practical limitations due to the bottleneck of super-
conducting magnetic field strength and high cost. Due to the
low natural abundance of **C nuclei (1.1%), which is crucial for
studying reactant molecules in catalytic reactions, isotope
labelling is essential for detecting low-concentration species.
Additionally, cross polarisation (CP) is widely used to enhance
the "*C signal sensitivity by dipolar coupling, transferring
magnetization from an abundant nucleus with a high gyromag-
netic ratio (such as "H, '°F) to a less abundant "*C nucleus and
theoretically achieving 4-fold signal enhancement. For quad-
rupolar nuclei in zeolite frameworks (i.e., >’Al: I = 5/2; **Na: I =
3/2; and V70: I = 5/2), optimal spectral resolution requires high-
field operation (>14.1 T) to minimize second-order quadrupo-
lar broadening and two-dimensional correlation spectroscopy

This journal is © The Royal Society of Chemistry 2025
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(e.g., MQMAS and STMAS) to separate isotropic/anisotropic
spectral dimensions.®*#!

The development of hyperpolarization techniques, espe-
cially dynamic nuclear polarization (DNP), has effectively
enhanced the NMR sensitivity by orders of
magnitude.®* ¢ DNP enhances the NMR sensitivity by transfer-
ring the large polarization of unpaired electrons or paramag-
netic ions to coupled nuclei through the solid effect or cross-
effect mechanism, yielding a theoretical enhancement at a
maximum fold of 658 for 'H and 2617 for *C under optimal
conditions.’””®! In a typical DNP experiment for porous solids
under MAS conditions, the samples are impregnated with a
radical solution to transfer the polarization from radicals and
'H from solvents to solid surfaces (Fig. 3a). The application of
DNP in solids has achieved robust sensitivity and resolution for
nuclei such as **C, 2°Si, ?Al, and '70. This enhancement
enables the rapid acquisition of two-dimensional (2D) correla-
tion spectra within reasonable timeframes. As a result, DNP-
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enhanced ssNMR has found widespread applications in precise
spatial distribution measurements, elucidation of interfacial
structures and surface functionalization, identification of inter-
mediates on surfaces, and detection of weak interactions in
solid materials.”>°® Specifically, the application of DNP facil-
itates the direct identification of carbenium ions and spatial
distribution of hydrocarbons in the MTO reaction.’*%>%%1%°
Another hyperpolarization technique employs laser-driven
spin-exchange optical pumping (SEOP) to achieve nuclear spin
polarization enhancement, particularly for '*°Xe nuclei. This
methodology typically utilizes a gas mixture composition of Xe
(1%), N, (1%), and He (98%), where helium acts as both a
buffer gas and a thermal transport medium during the optical
pumping process.’®*** In the hyperpolarized (HP) *Xe NMR
method, vaporized Rb is irradiated in a magnetic field by a
polarized light, generating polarized Rb spin population
(Fig. 3b). This polarization is further transferred to '*°Xe atoms
through electron-nuclear hyperfine interactions, achieving
xenon polarization beyond Boltzmann distribution at 298 K.
The (HP) '*°Xe NMR exhibits high sensitivity to the local
environment arising from its large electron cloud, making
(HP) *°Xe NMR widely used to probe the pore structure, pore
connectivity, and local chemical environments in the evolution
of methanol under flow conditions.'?>"®

2.3. SsNMR correlation spectroscopy

SsNMR correlation spectroscopy, which establishes proximity
and connectivity between the homonuclear and heteronuclear
nuclei via dipolar or jJ coupling interactions, has been widely
employed in structural determination, species identification,
interaction characterization, and dynamic analysis in materials
science.*'*® Unlike liquid-state NMR, ssSNMR requires MAS to
overcome anisotropic line broadening from interactions like
chemical shift anisotropy, dipolar couplings and quadrupolar
couplings. Dipolar interactions, arising from through-space
interactions between nuclear spins with spatial proximity, are
central to ssSNMR. To probe these interactions, dipolar recou-
pling techniques are applied using specific radiofrequency
pulse sequences synchronized with the spinning frequency.
These sequences effectively reintroduce dipolar couplings,
allowing probing molecular structure and dynamics while
maintaining high spectral resolution."'°*** Notably, the dipo-
lar coupling constant (D) exhibits an inverse cubic dependence
on internuclear distance, enabling precise quantification of
atomic spatial proximity and distances. Complementing the
through-space interactions, the scalar J-coupling interaction
mediated by chemical bond electrons manifests between nuclei
connected via 1-3 covalent bonds, with coupling constants
spanning 1-200 Hz.'"* Analogues to liquid-state NMR,
advanced methods are employed to probe the internuclear
bond connectivity of nuclei, particularly for spin-1/2 nuclei
(e.g., >°Si and °C).

The correlation experiments are classified as either homo-
nuclear or heteronuclear, depending on the observation of the
nuclei. Both types have been extensively used in studying the
catalytic mechanism and in determining the precise structure
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of zeolites in MTO and MTE reactions. To provide direct
information on selecting the appropriate sequences, this review
briefly introduces commonly used methods in methanol con-
version, while comprehensive principles of these techniques
can be found in relevant reviews.*"**"H1%11¢ Homonuclear
correlation experiments are driven by second-order recoupling
sequences such as proton-driven spin diffusion (PDSD),""”
combined R2}-driven (CORD),""® phase-alternated recoupling
irradiation scheme (PARIS),""® and long-range spatial proximity
information for different carbon atoms via single quantum (SQ)
correlation (Fig. 4a). These experiments have been utilized to
investigate the spatial proximity between various active species/
intermediates involved in the conversion of **C-methanol."**™"*!
In 2D double quantum-single quantum (DQ-SQ) MAS NMR
correlation spectra (Fig. 4b), the chemical shifts of correlation
signals in the DQ dimension correspond to the sum of two
signals in the SQ dimension, thereby mitigating the intense
diagonal background observed in the SQ correlation spectra.
Moreover, the distance between adjacent same nuclei can be
quantitatively measured by varying the recoupling time in DQ
experiments. DQ correlation experiments have been extensively
used to investigate acid site proximity and defect sites (e.g.,
'H-"H), accurately identify Al distributions (e.g., "H-'"H and
>’Al-*’Al), and analyze framework connection (e.g., >°Si->°Si) in
zeolites.'**™*%° Additionally, for *C-"*C DQ, the through-bond
INADEQUATE (incredible natural abundance double quantum
transfer experiment) method is used for the identification of the
bond connectivity of organic intermediates."*

Heteronuclear correlation (HETCOR) MAS NMR experi-
ments are valuable for probing spatial proximity and bond
connectivity between different nuclei, e.g., "H-"3C, **Na-*"Al,
3'p->’Al, and *’Al->'P depending on whether CP-based, J-based,
or dipole-based sequences are employed. CP-based schemes are
routine methods for investigating spatial proximity between an
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abundant spin and a dilute spin (Fig. 4c), playing a crucial role
in identifying the structure and in probing host-guest inter-
action between organic intermediates and zeolite frameworks.
For spin-1/2 nuclei with large chemical shift anisotropy and for
quadrupolar nuclei, refocused insensitive nuclei enhanced by
polarization transfer (RINEPT)"*>"'** and dipolar-based hetero-
nuclear multiquantum coherence (D-HMQC)"* MAS NMR
experiments are preferred for obtaining through-space infor-
mation between distant nuclei, and have been applied to
investigate the structure of active sites and host-guest informa-
tion in zeolites. It should be emphasized that INEPT and
HMQC can be adapted to probe both through-space (D-INEPT
and D-HMQC) and through-bond (J-RINEPT and jJ-HMQC)
correlations by facilitating magnetization transfer via dipolar
and J-coupling interactions, respectively.’**"*” Additionally,
rotational-echo double resonance (REDOR)'® is widely used
for quantitatively measuring dipole interactions between two
heteronuclear spins, evidenced by a significant dipolar dephas-
ing in signal intensity, described by the AS/S, value (defined as
(So — S)/So, where S and S, correspond to the signal intensity
with and without dipolar dephasing, respectively) (Fig. 4d). For
instance, DNP-enhanced *°Si-'*C REDOR experiments have
been employed to determine host-guest interactions between
Si atoms in zeolites and C atoms in organic species by assessing
the spatial proximities.”® For half-integer quadrupolar spins
(e.g., "H->’Al and C-?’Al), techniques such as TRAPDOR
(transfer of population in double resonance),"”® REAPDOR
(rotational echo adiabatic passage double resonance),"**'*!
and resonance-echo saturation-pulse double resonance
(RESPDOR)"**'** are more efficient for determining the spatial
proximity and internuclear distance.

2.4. Diffusion

(HP) "*°Xe NMR and pulsed field gradient (PFG) NMR methods
are powerful techniques for probing structure-adsorption-dif-
fusion-reaction relationships in zeolite catalysis."**'*> PFG
NMR employs pulsed magnetic field gradients to spatially label
nuclear spins, enabling direct observation of guest molecule
diffusion within porous materials."*® This technique quantifies
the mass transfer of guest molecules within the crystal at
micrometer spatial and millisecond temporal resolutions. With
the combination of complementary HP '*°Xe NMR spectro-
scopy, these techniques have been applied to reveal atomic-
scale adsorption heterogeneity and structural features in
zeolitic materials.'®®'*”'*® Based on PFG NMR, molecular
dynamics (MD) simulations provide microscopic-level insights
into diffusion mechanisms, including diffusion pathways,
energy barriers, collision frequencies, and even anomalous
diffusion phenomena.'**~*>* For instance, Zheng et al.'>' were
the first to report the anomalous diffusion behavior of long-
chain molecules, where their movement slows down with the
increase in temperature under confinement. Using MD simula-
tions and their self-developed and extremely practical analytical
approach, they further revealed that molecular flexibility is a
key factor driving this anomalous “thermal resistance effect”
within the confined channels of zeolites.
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3. Application of ssNMR techniques in
the MTO reaction

As one of the most significant industrial processes in C1
chemistry, the MTO process has garnered sustained attention
from both industry and academia since its discovery in 1977.'>
This technology represents an epochal technological break-
through in synfuel research and serves as a prime example of
the mutual reinforcement between fundamental research and
industrial applications, as illustrated in Fig. 5. The MTO
process is a typical autocatalytic reaction network, comprising
multiple parallel reaction pathways mediated by diverse reac-
tive intermediates.'> These pathways are governed by the
interplay between the acidic properties of zeolites (e.g:,
Bronsted acid sites (BAS), Lewis acid sites (LAS), acid strength,
and acid amount) and confinement effects. Microporous zeo-
lites, particularly ZSM-5 with MFI framework topology, are
commonly used as catalysts for MTP and MTA reactions, due
to the ability to control the product distribution by their pore
structures. The introduction of silicoaluminophosphate mate-
rials (e.g., SAPO-34), which feature a CHA framework topology
with cage-like pores and milder acidity compared to ZSM-5,
facilitates the selective conversion of methanol to olefins via
cage confinement, thus marking a significant technological
breakthrough.'>?

Over the past 40 years, the development of MTO technology
and fundamental research has progressed in tandem, with
mutual reinforcement leading to continuous improvement.
Notable international petrochemical companies have invested
substantial resources in developing commercially viable MTO
technologies."*®'>” The commercialization of the MTH process
commenced in 1985, marked by the commissioning of the first
MTG plant by New Zealand Synthetic Fuels Co."”® This mile-
stone not only demonstrated the technical feasibility of zeolite-
catalyzed C1 conversion but also laid the foundation for sub-
sequent advancements in MTO technology. Currently, four
major MTO technologies are the MTO by UOP/Norsk Hydro,

Mobil began developing
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DICP and UOP/Hydro

MTO pilot plant test
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_MTH 1970s 1980s 1990s 2006
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MTO reaction over SAPO-34 (DICP) mechanism

DMTO
World’s first industrialization
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MTP by Lurgi, DMTO (including its second and third genera-
tions) by DICP, and SMTO by Sinopec Shanghai Research
Institute of Petrochemical Technology (SRIPT).*>**° In 2010,
DICP launched world’s first industrial-scale coal-to-olefin
(CTO) plant in Baotou, China, with a capacity of 1.8 Mt a™".
To further increase the selectivity of light olefins, the second-
generation DMTO (i.e., DMTO-II) technology was industrialized
with an additional fluidized-bed reactor for cracking C," bypro-
ducts in Pucheng in 2014 (Fig. 6). Furthermore, by using the
new-generation catalyst, the third-generation DMTO (i.e.,
DMTO-III) technology achieved a significant enhancement in
methanol feed rate from 1.8 to 4.0 Mt a~ " on a single industrial
reactor with a selectivity of 85-90% for light olefins. In 2023,
the first industrial DMTO-III unit was put into operation in
Yinchuan, China. Thus far, 36 DMTO units have been licensed,
with 18 units in operation, providing a production capacity of
24 Mt a~' of light olefins.

Fundamental research on the MTO process not only pro-
vides theoretical guidance for catalyst optimization and the
development of efficient techniques, but also fosters innovation
and advances in the basic theories of heterogeneous catalysis
on acidic zeolites. Among multiple characterization methods,
ssNMR spectroscopy plays an indispensable role in observing
reactive intermediates, analyzing reaction pathways under real
reaction conditions, monitoring the structural evolution of
catalysts throughout the reaction process, and elucidating the
host-guest interactions in the complex reaction systems. In this
section, we will emphasize the application of ssSNMR across
every stage of MTO process and the facilitating role of these
findings in industrial development processes, focusing mainly
on the following areas: (1) revealing the reaction mechanism of
methanol conversion to DME and providing spectroscopic
evidence for the first C-C bond formation in the induction
period, (2) promoting the development of indirect mechanisms
governing the high-efficiency stage, (3) understanding the
catalyst deactivation induced by coke formation, and (4) inves-
tigating the influence of water through the process.

Cavity-controlled
principle
DMTO-II

Industrialization

Lurgi MTP plant

DMTO-III
Industrialization

2010 2014 2015 2021 2023

Spectroscopic evidence for
first C-C bond formation

Complete dynamic catalytic mechanism
Hypercycle reaction network

Fig. 5 Milestones in the fundamental research and industrial development of the MTO process.
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Fig. 6 Simplified process diagrams of DMTO, DMTO-II and DMTO-III
technologies. Reproduced with permission from ref. 42 and 55. Copyright
2021 Elsevier and 2025 American Chemical Society.

3.1. Activation of methanol for the first C-C bond formation
in the induction period

The MTO reaction is characterized by an induction period,
during which substantial production of olefins is not observed.
At the low temperature (<573 K), the initial conversion of
methanol is limited, and the reaction exhibits a pronounced
induction period.>® The conversion rate gradually increases
over time until reaching a stable state. This induction period
is attributed to the time required for the formation of active
species within the zeolite catalysts, which are essential for
initiating the autocatalytic reaction networks responsible for
olefin production.'®® Increasing the temperature to above 673 K
can largely shorten the induction period and enhance metha-
nol conversion up to 100%. From an industrial point of view,
eliminating this period can improve the efficiency of light
olefin production. In this sense, understanding and controlling
the induction period is vital for optimizing the MTO process.
The nature of the intermediates and their evolution during
the induction period have been subjects of extensive research,
aiming to elucidate the underlying mechanisms of methanol
activation over acidic zeolites.'®® Over 20 mechanisms,
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including oxonium ylide, carbene, carbocation, and Koch-
carbonylation pathways, have been proposed to account for
the initial C-C bond formation, as summarized in prior reviews
and articles.>'*® Early hypotheses attributed the induction
period to the presence of impurities in methanol or carrier
gas (indirect mechanism),'®® but cannot explain the origins of
intermediate species or hydrocarbon pool species (HCPs). At
that period, direct mechanisms faced skepticism due to insuf-
ficient experimental support and high energy barriers. A para-
digm shift occurred in 2003 when Hunger and colleagues'®®
identified SMS via in situ ssNMR spectroscopy under
continuous-flow conditions, demonstrating the involvement
of SMS in hydrocarbon formation. During the period of 2014~
2018, pioneering studies by the research teams of Fan,'®*
Weckhuysen,'®® Lercher,'®® Deng,'®” and Liu'®® provided spec-
troscopic evidence for the direct mechanism of initial C-C
bond formation through advanced spectroscopic techniques.
These critical advancements validated the direct mechanism
for a long-standing controversy on the first C-C bond genera-
tion. In particular, ssSNMR spectroscopy has been instrumental
in identifying surface species and their transformations during
the early stages of the reaction, providing atomistic insights
into the roles of different active sites, such as BAS and LAS of
zeolites.

3.1.1. Mechanism of methanol conversion to DME. In the
initial stage of MTO process, the conversion of methanol to
SMS and DME is an inevitable but often overlooked issue in the
initial stage of MTO. In general, the characteristic steps
involved in this reaction process include (1) unimolecular
methanol dehydration to SMS, (2) coupling of SMS with
another methanol molecule to generate DME, and (3) bimole-
cular methanol direct dehydration to DME via an associative
pathway, and so on.'®® A fundamental understanding of this
reaction process is crucial for elucidating the mechanisms
underlying methanol conversion. Typically, the conventional
methanol dehydration to SMS on BAS requires elevated tem-
peratures (>473 K)."7° Deng et al.'”" reported that the Lewis
acidic framework-associated tri-coordinated Al can catalyze
methanol activation to form SMS species. Methanol was first
adsorbed on framework-associated tri-coordinated Al, accom-
panied by the transfer of protons from the hydroxyl group of
methanol to the zeolite framework to form SMS. They proposed
that the framework-associated tri-coordinated Al with two
hydroxyl groups is preferable for the methoxylation process,
accounting for the observed methanol activation at low tem-
peratures. Zheng et al.'’*> developed a new route for methanol
dehydration to SMS over SAPO zeolites based on a novel
adsorbate-induced frustrated Lewis pair (FLP; three-
coordinated framework Al is LA and Si-O(H) is LB) active site,
enabling the SMS formation at room temperature (Fig. 7a). As
shown in Fig. 7b, the 'C-*’Al dephasing attenuation in
13C-*’Al S-RESPDOR data reflected the distance between
methanol carbon and Al in a H-SAPO-34 framework following
the order of SMS (56.4 ppm with 80.5% dephasing attenuation)
< induced FLP adsorption (52.8 ppm with 76.5% dephasing
attenuation) < BAS adsorption (50.4 ppm with 50.6%
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dephasing attenuation). This tendency was further supported
by the geometric adsorption modes of the three above-
mentioned species obtained by the refined crystal structures
from synchrotron X-ray diffraction (SXRD)/neutron powder
diffraction (NPD) with deuterium methanol. They demon-
strated that methanol was initially adsorbed at the FLP site
with its O atom directly bond to LA and H atom interacting with
LB. Subsequently, a water molecule was eliminated from
-SiOH,, reconstructing the typical Si-O-Al bridge and yielding
SMS species (Fig. 7c). Note that the dehydration process was
realized without the C-O bond cleavage in methanol molecules
in this new induced FLP route, in contrast to the traditional
BAS-catalyzed route, which generally proceeds with methanol
C-O cleavage. These results were further highlighted and
evaluated by theoretical simulations.

Furthermore, the conventional BAS-catalyzed methanol dehy-
dration typically requires elevated temperatures (>423 K)."”°
Improving the catalytic reactivity is urgently needed but remains
extremely challenging. In response to this key issue, Zheng
et al'”® demonstrated a co-feeding strategy of acetone to tune
the local microenvironment of methanol within H-ZSM-5, realiz-
ing unprecedented DME formation at room temperature and

View Article Online

Chem Soc Rev

olefin production at 413 K. As shown in Fig. 7d, upon increasing
the reaction temperature for the H-ZSM-5 zeolite with '*C-
methanol adsorption, the >C-DME signal at 60.0 ppm only
appeared above 393 K. After co-injection of "*C-methanol with
additional 2-"*C-acetone, this characteristic signal was excitingly
observed when the reaction occurred even at 298 K (Fig. 7e).
Meanwhile, significant enhancement of the “*C-DME signal was
detected for H-ZSM-5 zeolites with "*C-methanol and 2-*C-
acetone co-injection compared with those without 2-"*C-acetone
across the reaction temperature range. These findings suggested
that the injection of an extra acetone molecule can considerably
facilitate methanol conversion to DME. Further 2D "H-"H homo-
nuclear correlation NMR experiments indicated that the spatial
interaction between acetone and methanol is an essential pre-
requisite for accelerating methanol conversion (Fig. 7f). In combi-
nation with high-level multiscale theoretical simulations, they
proposed that the crucial role of acetone in accelerating methanol
dehydration to DME is the perturbation and destabilization for
the adsorbed methanol cluster with strong hydrogen bonds, and
the following water traction during DME formation, decreasing
the reaction-free energy barriers from 136.9 k] mol ™" (without
acetone) to 103.9 k] mol " (with acetone). This work provides new
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Fig. 7 (a) Ilustration of induced FLP sites formed by methanol adsorbate. (b) *C—~2’Al-S-RESPDOR spectra of :*C-methanol adsorbed on H-SAPO-34 in
the top, and schematic depicts the proposed signal assignment of BAS adsorption, FLP adsorption, and the surface methoxy species in the bottom.
(c) Schematic depicting the mechanisms of the formation of SMS via the traditional BAS route and proposed induced FLP route. Reproduced with
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opportunities for the rational design of reaction systems by
manipulating the local surroundings to regulate -catalytic
performances.

3.1.2. SMS-mediated direct mechanism on BAS. As the
most experimentally validated intermediate during the induc-
tion period, SMS serves as the pivotal species in C-C bond
formation. Fan et al."®* proposed a direct mechanism in which
SMS interacts with DME to generate methoxymethyl carboca-
tion (CH;OCH,"), exhibiting a lower energy barrier compared to
alternative pathways (e.g., methane-formaldehyde coupling).
In situ ssSNMR studies provided the spectroscopic evidence that
the direct formation of the C-C bond originates from the
interaction between surface-adsorbed C1 reactants (i.e., DME/
methanol) and SMS/TMO intermediates on the H-ZSM-5
catalyst."®® At the beginning of the methanol conversion at
573 K in an NMR rotor as a microreactor under continuous-flow
conditions, a novel signal at 69.0 ppm indicated methyleneoxy
species formation via SMS/TMO-mediated DME methylation,
coinciding with the first C-C bond generation (Fig. 8a). Sub-
sequent breakage of the C-H bond from this activated reactant
yielded ethene, with hydrogen transferring to framework oxy-
gen. Furthermore, the dynamic progressive activation of DME
evoked by SMS on H-ZSM-5 was revealed by in situ sSNMR at
programmed temperatures from 373 to 573 K.'”* During the
continuous injection of methanol at temperatures above 473 K,
the chemical shift of DME gradually migrated from 63.5 to 69.0
ppm, indicating that highly activated DME exhibits the char-
acteristics of methyleneoxy analogue species. Operando simula-
tions suggested that with the increase in temperature, SMS
species transition from covalent to ionic nature, and the
elongated C-O bond facilitates the attack on approaching C1
molecules (methanol or DME).

The 2D “C-"*C correlation ssNMR spectroscopy provides
more details for the dynamic evolution of C1 species in the C-C
bond formation over CHA zeolites. The close spatial proximity
of SMS with adsorbed methanol was evidenced by a strong
cross-peak at (57.7, 52.2) ppm in the 2D *C-"3C PDSD spectra
recorded after an MTO reaction at 673 K on H-SAPO-34 zeolites,
suggesting that methanol activation may occur via polarization
of the C-H bond of SMS.'®® Furthermore, in a series of 2D
13C-'3C PDSD experiments conducted at 298, 353, and 403 K on
H-SAPO-34 zeolites after feeding *CH;OH for 60 s, Xu and Liu
et al'™ unrevealed an intensification in the correlation
between SMS and surface-adsorbed C1 reactant as the tempera-
ture increased. As shown in Fig. 8b, spatial interaction between
SMS and DME was observed at a relatively low temperature of
353 K, indicated by a correlation between SMS (56.7 ppm) and
DME (60.5 ppm). As the temperature increased to 403 K, the
appearance of a cross-peak at (56.7, 50.8) ppm revealed the
correlation of SMS and adsorbed methanol. These observations
imply that DME more easily interacts with SMS compared to
methanol at lower temperatures. Additionally, 2D "*C-'*C
CORD MAS NMR experiments directly captured and identified
surface ethoxy species (70.5 and 14.2 ppm) as highly reactive
ethene precursors on HSSZ-13 under real MTH reaction at
493 K (Fig. 8c)."*" The advanced ab initio molecular dynamics
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(AIMD) simulations further visualized the cleavage dynamics of
the C-O and C-H bond in SMS, confirming the critical role of
SMS in the initial C-C bond formation. Notably, the free energy
barriers of the C-C bond coupling reaction via the DME and
SMS pathways (141.6 k] mol ') are lower than that of the
methanol and SMS pathway (170.5 k] mol™ "), aligning with
the observed spatial proximity of these species in **C-"*C PDSD
spectroscopy.

Besides DME, the coexistence of methane, formaldehyde
and CO has been widely reported during the initial stage of the
methanol conversion on H-ZSM-5 zeolites."”>'”® Notably, oxy-
genated and carbonylated compounds have been detected from
MTO facility in Baotou, China.'”” Understanding the role of
these species is essential for elucidating the mechanistic diver-
sity of C-C bond formation. The methane-formaldehyde
mechanism suggests that methane and formaldehyde are gen-
erated through the reaction of the SMS and DME. The research
groups of Coperet and Sautet,"’® as well as Lercher,'®® have
highlighted the pivotal role of surface-bound acetate species
(i.e., MeOAc) in the initial C-C bond formation during the MTO
reaction. These species are formed via Koch carbonylation (as
the core step in the DME carbonylation reaction), where
methanol interacts with SMS in the presence of CO, leading
to the formation of acetate intermediates. These intermediates
can further transform into surface acetyl groups, methyl acetate
species, or ketene, serving as the precursors for olefin produc-
tion during the MTO reaction.*®'”*'®" The identification of
these acetate species has been achieved through advanced 1D
and 2D "*C ssNMR techniques, providing direct spectroscopic
evidence of their presence and involvement in the reaction
mechanism.”®'®! For instance, Weckhuysen et al.'®® provided
spectroscopic evidence for C-C bond formation on H-SAPO-34,
through the identification of surface-trapped methyl acetate
(180.5 and 22.3 ppm) by combining 2D *C-"*C PDSD and
3C-'H CP-HETCOR spectroscopy (Fig. 8d). Dai and Li'®
further observed the formation of acetaldehyde (207 and
29 ppm) from surface-bound acetyl species (derived from the
carbonylation of SMS by CO) over H-ZSM-5 zeolites, as revealed
by ex situ '*C MAS NMR spectra. Via a combination of kinetic
studies, spectroscopic analyses, and theoretical calculations,
the critical role of acetyl motifs in forming acetaldehyde was
confirmed, which, in turn, induces the formation of HCP
species via a series of reactions such as aldol condensation,
cyclization, and hydrogen transfer. The detection of trace
oxygenates (methanol, dimethyl ether, ethanol, acetaldehyde,
and acetone) in industrial-scale DMTO reactors provides experi-
mental validation (see Table S1, ESIt) for the proposed
oxygenate-mediated C-C coupling mechanisms. However, the
formation pathways of these intermediates and their dynamic
roles in governing product selectivity still need further in-depth
research.

3.1.3. (Critical role of LAS in C-C bond formation. Under
mild hydrothermal/thermal treatment, it is inevitable to
generate LAS including extra-framework aluminum (EFAl)
species, framework tri-coordinated Al, and framework-
associated AL'®7"®> Recent studies have highlighted the crucial
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Fig. 8 Spectroscopic evidence for the first C—C bond formation. (a) /n situ *C MAS NMR spectra recorded during **C-methanol conversion over
H-ZSM-5 at 573 K. Reproduced with permission from ref. 168. Copyright 2017 John Wiley and Sons. (b) Two-dimensional *C-C PDSD MAS NMR
correlations of SMS, DME, and methanol on H-SAPO-34 recorded at 353 K after the MTO reaction for 60 s at 573 K. Reproduced with permission from ref.
119. Copyright 2018 American Chemical Society. (c) In situ *C MAS NMR spectra and AIMD simulation results of the C—C bond formation for methanol
conversion at initial MTH reaction stage over H-SSZ-13. Reproduced with permission from ref. 121. Copyright 2021 Elsevier. (d) SSNMR spectra of
methanol, methoxy, and acetal species in H-SAPO-34 after MTO reaction for 30 minutes at 673 K. Reproduced with permission from ref. 165. Copyright
2016 John Wiley and Sons. (e) 3C—2”Al S-RESPDOR spectra of trapped products obtained from reaction of **C-methanol over dealuminated H-ZSM-5 at
523 K for 1 min (in the top). 2*C—2’Al RESPDOR built-up data of the 52.4 ppm signal and the simulated curves: green, blue, purple, and dashed black lines
correspond to an internuclear **C—2’Al distance of 2.51, 2.75, 2.99, and 2.88 A, respectively (in the bottom). Inset: Theoretically optimized local structure
of SMS-EFAL complex. Reproduced with permission from ref. 167. Copyright 2018 John Wiley and Sons.

role of LAS in the MTH reaction. Lercher et al.'®® proposed that formed HCHO subsequently reacts with alkenes at BAS to
EFAL species facilitate hydride transfer between methanol and generate dienes and aromatics, which dominate the production
alkane, generating alkanes and HCHO simultaneously. The of aromatics and light alkanes. Zheng and co-workers'®’
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theoretically identified that the synergetic combination of EFAL
and BAS promotes initial C-C bond formation via an AI-COH,"
intermediate. Meanwhile, Deng and co-workers'®” provided
direct evidence for the formation of SMS-EFAL (at 52.4 ppm)
in >C MAS NMR spectroscopy on dealuminated H-ZSM-5
zeolites. By employing *C-*’Al S-RESPDOR spectroscopy,*®
the internuclear distance between the *C atom in SMS-EFAL
species and the 2’Al atom in the zeolite framework was
quantitatively determined to be 2.75 + 0.24 A by simulating
the dephasing built-up curves (Fig. 8e). Moreover, formate
species, which can be generated through hydrogen transfer
between SMS-EFAL species and methanol, were observed
during methanol conversion on dealuminated H-ZSM-5
zeolites at 523 and 548 K. During the co-reaction of *C-
methanol and *C-formaldehyde, acetaldehyde (226.2 ppm),
surface acetate species (186.3 ppm), methyl acetate
(177.9 ppm), and surface ethoxy species (72.4 ppm) were
captured in "*C CP/MAS spectra, which was absent without
formaldehyde feeding. These signals suggested the involve-
ment of formaldehyde in the formation of the initial C-C bond
over EFAL at lower temperatures. DFT calculations further
elucidated that SMS-EFAL leads to the formation of
formaldehyde, further producing surface ethoxy species and
ethanol for ethene generation. Overall, the LAS clusters exert a
dual effect on the MTO reaction. On the one hand, EFAl species
can synergistically interact with BAS to promote the formation
of the initial C-C bonds, thereby influencing the reactivity in
both alkene and aromatic methylation steps. On the other
hand, LAS facilitates hydrogen transfer pathways that favor
the formation of alkanes and expedite catalyst deactivation
due to polycyclic aromatic hydrocarbon (PAH) formation with
formaldehyde participation.'®”*89719¢

In the industrial MTO process, the induction period consti-
tutes a critical phase for reaction initiation, characterized by
delayed product formation and low efficiency for alkene pro-
duction. The formation of the initial C-C bond in this period
accumulates essential reactive species required for the high-
efficiency stage. The different active species (even in trace
amounts) generated in this period can significantly influence
the subsequent reaction process. For instance, initial olefins
promote HCP species formation, while formaldehyde acceler-
ates catalyst deactivation via undesired polyaromatic coke
formation."®*'°° Moreover, the quality of industrial methanol
feeds is also crucial, as impurities (e.g., ethanol, aldehydes,
acids, amines, and metal ions) can alter catalyst performance
and product purity. Interestingly, water does not require special
removal from methanol feedstocks because it serves as a
reaction medium that helps control the reaction temperature
and remove the heat of the reaction (detailed in Section 3.4).

3.2. Hydrocarbon pool (HCP) mechanism in high-efficiency
stage

Following initial C-C bond formation, the indirect mechanism
is widely recognized as the dominant pathway for forming
alkenes and aromatic products during the high-efficiency stage.
Unlike the induction period, this stage is characterized by
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dynamic and complex processes, with significant variations in
product selectivity depending on the catalysts employed. For
instance, SAPO-34 exhibits high selectivity toward light olefins,
whereas H-ZSM-5 preferentially produces propene (MTP), gaso-
line (MTG), or aromatic hydrocarbons (MTA). Numerous stu-
dies revealed that co-feeding methanol with alkanes, alkenes,
and aromatic hydrocarbons can alter product distribution,
demonstrating that catalytic reaction networks can be modu-
lated by additional hydrocarbons.’®”'*® Pre-coking strategies
have been confirmed in the MTO unit of demonstration scale
for highly shape-selective MTO processes. However, utilizing
the co-reaction effect in MTO to target specific products relies
on the control over catalytic networks. Over the past forty years,
the hydrocarbon pool concept has been continuously refined
and expanded, evolving from the consecutive methylation and
cracking reactions to paring reaction, side-chain alkylation
mechanism, and ultimately to the HCP mechanism, which
now accounts for the hydrocarbon formation in MTH
reactions.'®'972°1 SSNMR spectroscopy is possibly the most
widely used method for accurately elucidating the structure of
carbocationic HCP species confined to zeolites and their host-
guest interactions, thereby providing critical experimental evi-
dence for constructing efficient catalytic cycles.

3.2.1. Structure and noncovalent interactions of HCP spe-
cies. Haw and co-workers’> developed an in situ pulse-quench
reactor (see Section 2 for details) that rapidly quenches the
catalyst bed with nitrogen for subsequent measurements.
Revealed by the character signals in *C MAS NMR spectra
(130-150 ppm, and 240-250 ppm), the alkylated cyclopentadie-
nium ions and methylbenzenium cations (pentamethylbenze-
nium cation and heptamethylbenzenium cation) were
identified as HCP species upon acetone introduction or the
co-feeding of aromatics with methanol over various zeolites
(e.g., H-ZSM-5, H-SAPO-34, and H-Beta).>°>>°° The direct obser-
vation of HCP intermediates under reaction conditions has
been achieved by employing the in situ MAS NMR spectroscopy
under continuous-flow conditions.>”” Xu and Liu et al>*®
observed the formation of heptamethylbenzenium cation (hep-
taMB') and methylcyclopentenyl ion (MCP') on a DNL-6
catalyst (an eight-membered-ring SAPO molecular sieve with
an RHO structure and large o cages) after **C-methanol con-
version at 548 K. This identification was further supported by
GC-MS analysis of their deprotonated form, obtained by dis-
solving the organic-containing zeolite framework in hydrofluo-
ric acid, followed by extracting the organic species in organic
solvents. The presence of these carbenium cations on DNL-6
was attributed to the large cages and the high acidity of this
SAPO molecular sieve. Additionally, under real MTO condi-
tions, heptaMB" and MCP" were detected in CHA-type catalysts
by conducting the reaction under milder conditions to lower
the reactivity of carbenium ions.”*® The involvement of these
species in aromatic-based dual-cycle mechanisms including
paring and side-chain cycles was confirmed by theoretical
calculations. Refocused INADEQUATE experiments have pro-
vided direct structural assignments for a series of carbenium
ions derived from the through-bond correlations on H-ZSM-5
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and CHA-type catalysts. This 2D experiment not only
provides a straightforward approach for mapping the carbon
skeleton of carbenium ions through J couplings (Fig. 9),'°° but
also enables a more accurate determination of the **C chemical
shifts of different carbon sites owing to the enhanced resolu-
tion in the vertical dimension. Furthermore, the application of
DNP-enhanced NMR spectroscopy significantly reduced the
acquisition times from several days under the standard experi-
ments at room temperature to just 14 hours, providing a
powerful approach for identifying carbocation ions present in
low concentrations.’®

The trapped HCP species (cyclic carbenium ions) in the
zeolite channel or cage serve as the reaction center in the
steady stage of MTO, acting as supramolecular entities.
Deng and coworkers>'®*'" applied a '*C-*>’Al S-RESPDOR
method, to probe dipolar interaction between '*C atoms in
trapped organic species and *’Al atoms in zeolite frameworks.
Specifically, **C-*’Al dephasing was observed for the methyl
group of cyclopentenyl cations and pentamethylbenzenium
ions (25 ppm), as well as methylbenzenes (17 and 18 ppm),
during the methanol reaction over H-ZSM-5 at 573 and 623 K
(Fig. 10a). These results provide critical insights into noncova-
lent interactions (generally refer to hydrogen bonding,
m-interaction, van der Waals interaction, and electrostatic inter-
action) in the MTO reaction. Additionally, the intermolecular
noncovalent interactions between carbenium ions and various
organic molecules such as methanol, ethene, and propane
were revealed by combining 2D *C-"’C correlation ssNMR
spectroscopy and theoretical analyses.*'> Adsorbing 'C-
labeled methanol/ethene/propane over cyclopentenyl-cation-
containing H-ZSM-5 yielded strong correlation peaks in the
2D *C-*C PDSD spectra, confirming cation-induced dipole,
cation-dipole and cation-n interactions (Fig. 10b). Reduced
density gradient (RDG) isosurfaces further visualized these
intermolecular interactions, suggesting preferential adsorption
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of organic molecules at the center of pentenyl cations due to
their high positive charge density. The influence of noncovalent
interactions on the adsorption and transformation of alkanes,
alcohols, and alkenes was further confirmed by comparing the
catalytic reactions of propane, methanol, and ethene on
zeolites with and without the addition of cyclopentenyl carbo-
cations. The co-reaction with cyclopentenyl carbocations
significantly increased the conversion rates of propane from
30.8% to 45.2%, methanol from 26.9% to 98.6%, and ethene
from 30.9% to 52.2%. These enhancements clearly demonstrate
the promoting effect of the cyclic cations. During methanol
conversion, the presence of cyclopentenyl carbocations also
increased aromatic selectivity while decreasing propene selec-
tivity, indicating that these cations influence product distribu-
tion by altering the balance between alkene-based and
aromatic-based reaction pathways. Overall, the combination
of ssNMR experiments and theoretical studies suggests that
the cyclic cations interact noncovalently with methanol and
hydrocarbon products, promoting methanol conversion and
modulating the transformation of key intermediates such as
alkanes and olefins.

Beyond these noncovalent interactions, strong interactions
between the confined HCP species and the zeolite framework
have also been quantitatively characterized by the 2°Si-**C
REDOR experiments. Due to the low HCP species concentration
and the intrinsically low y of >°Si nuclei, probing long-range van
der Waals interactions between HCP species and the alumino-
silicate framework remains a challenge. Through-space
13C-*7Al S-RESPDOR and *°Si-"*C REDOR experiments demon-
strated close spatial relationships between framework 2”Al, 2Si
and "*C nuclei spins in HCP species, as indicated by dephasing
of C and *°Si NMR signals, respectively.”® DNP-enhanced
?°5i-'>C REDOR experiments further enabled quantitative spa-
tial mapping proximities between confined carbonaceous spe-
cies and zeolite surface sites in tens of hours.®®> Moreover, the
high signal-to-noise ratios allow the detection of small differ-
ences in REDOR fraction patterns as a function of recoupling
times for individual Si sites. These host-guest interactions
predominantly govern the adsorption of HCP components,
ultimately leading to preferential accumulation within zeolitic
channels and subsequent catalyst deactivation via pore
blockage.

3.2.2. Linkage between direct and indirect mechanisms
and the interconnection of catalytic cycles. The interplay
between direct and indirect mechanisms in zeolite-catalyzed
methanol conversion involves dynamic transitions between
distinct catalytic cycles. While the indirect mechanism, gov-
erned by HCP species is widely accepted as the dominant
pathway for methanol propagation at the steady stage, the
intrinsic linkage between these pathways remains debated.
Two key challenges persist: (1) elucidating the transition from
initial direct C-C coupling to the HCP-mediated indirect
mechanisms, and (2) clarifying the interconnection between
alkene-based and aromatic-based cycles. Significant efforts
have been dedicated to elucidating the hydrocarbon pool
chemistry in the early stages of MTH conversion on zeolites
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Copyright 2021 John Wiley and Sons.

through combined experimental and theoretical investigations,
advancing the understanding of these complex -catalytic
transformations.

Theoretical calculation suggests that ethene and propene
formed via initial C-C bond coupling rapidly undergo cycliza-
tion to generate five- and six-membered ring hydrocarbons,
which act as the first HCP intermediates.”’**'* Hunger and
Li*"® experimentally identified early-stage species, including
three-ring compounds, dienes, and MCP' on a H-SAPO-34
catalyst via "H MAS NMR and *C MAS NMR. Further studies
using synchroton infrared microspectroscopy by Howe et al.>'®
proposed that dimethylcyclopentenyls are primary HCP com-
ponents. This hypothesis was experimentally validated by the
observation that MCP" was formed earlier than PMBs on HSSZ-
13 from in situ *C MAS NMR spectra under continuous-
flow MTO conditions (Fig. 11a).>"” The subsequent transforma-
tion of MCP" into PMBs was confirmed through “C-isotope
tracing experiments of MCP" (formed by the adsorption of

6666 | Chem. Soc. Rev., 2025, 54, 6652-6696

pentamethylcyclopentadiene molecules) and '*C-methanol,
supported by DFT calculations. Further transformation of
MCP" produced PMBs through a serious of deprotonation,
hydride transfer, ring expansion, and methylation reactions at
the transition stage. Based on these spectroscopic and theore-
tical insights, it was proved that pentaMCP" species serve as the
initial HCP species, uniquely bridging the direct mechanism at
the initial stage and the indirect mechanism that dominates
the steady-state stage.

Considering the involvement of surface-bound acetate spe-
cies in the initial C-C bond formation, several research groups
devote to bridge the gap between the Koch-carbonylation
mechanism and the HCP mechanism by adding non-
methanol reactants such as methyl-acetate/acetaldehyde/acet-
one. Weckhuysen and colleagues'®® identified the governing
HCP species as dienes, polymethyl-benzenes, and acetic acid by
employing PDSD experiments during methyl-acetate conver-
sion over H-SAPO-34. Based on the observed species, they

This journal is © The Royal Society of Chemistry 2025
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proposed that HCP species formed from methyl acetate pro-
vides a mechanistic bridge between the Koch carbonylation
mechanism and the HCP mechanism. Similarly, Li et al'®?
observed the formation of acetaldehyde derived from the
carbonylation of SMS by CO from *C MAS NMR spectroscopy,
suggesting that acetaldehyde from the hydrogenation of

This journal is © The Royal Society of Chemistry 2025

surface-bound acetyl species is responsible for the initiation

of

MTH conversion on H-ZSM-5 zeolites. Gascon and

Chowdhury®® provided further insights, demonstrating that
acetone derived from ketene acts as a bridge to link the Koch
carbonylation mechanism during the induction period and the
dual-cycle mechanism during the steady stage on the H-ZSM-5
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catalyst. Combining operando UV-Vis spectroscopy, online mass
spectrometry, and ssSNMR spectroscopy with the strategic use of
3C-enriched reactants, it was proved that co-feeding acetone
with methanol significantly alters product distribution by
favoring aromatic formation while maintaining light olefins
yields, regardless of feed compositions, reaction temperature,
and WHSVs. By comparing the 2D dipolar-based >C-"C corre-
lation spectra of the MTH reaction and AMTH (ie., co-
conversion of CH;"?COCH; and methanol to hydrocarbons),
methylated monoaromatics, naphthalene/polyaromatics, and
branched paraffinic species were identified as the trapped
organics on zeolites in both reactions. Notably, surface acetate
and dicarbonylated species were exclusively detected in the
AMTH reaction (Fig. 11b). These findings suggest that acetone,
derived from the Koch-carbonylation in the early stage of MTH,
preferentially incorporates into the arene cycle, promoting
aromatic HCP species formation during steady-state conversion
rather than undergoing aldol condensation.

The dual-cycle mechanism, consisting of alkene-based and
aromatic-based cycles, was proposed by Olsbye et al?'® to
rationalize the product distribution in MTO over H-ZSM-5.
Employing the 1D and 2D "*C MAS NMR spectroscopy enables
direct observation and structure identification of cyclic carbe-
nium ions, providing vital experimental evidence for the dual-
cycle mechanism. Extensive analyses, including **C/**C switch
experiment, dissolution and extraction procedure, and theore-
tical calculations have further refined the understanding of the
interconnection between dual cycles, beyond conventional
hydrogen transfer and cyclization reactions. Deng and co-
workers®*!® confirmed that cycloalkenes facilitate this connec-
tion through a ring-contraction/expansion process. During the
co-reaction of cyclohexene and *C-methanol, methylated and
ethylated cyclopentenyl and pentamethylbenzenium ions and
methylbenzenes were formed, which was evident from the
results of *C CP MAS NMR and GC-MS analyses of the
corresponding trapped organic species (Fig. 11c). Cyclohexene
was proposed to undergo ring contraction to form cyclopentene
and subsequently trigger the aromatic-based cycle through the
ring expansion, which is consistent with the *C isotopic
scrambling in aromatics and the energetic feasibility of
cycloalkene aromatization supported by DFT calculations.
Further supporting this, Wang et al.>*° demonstrated that
methylcyclohexene acts as the initial HCP species to generate
MCPs via ring contraction or MBs through hydride transfer and
deprotonation on H-ZSM-5. Additionally, the observation of
MCP" and its deprotonated form was detected by *C MAS
NMR and GC-MS over an H-SAPO-34 catalyst, verifying their
involvement in the MTO reaction.”*' Consequently, a unique
MCP-based cycle was proposed, not only as an energetically
favored pathway for the formation of light olefins, but also as a
crucial bridge linking the alkene-based cycle and aromatic-
based cycle (Fig. 11d). Recently, the autocatalysis-driven net-
work of MTO has been demonstrated using a multitechnique
approach that integrates kinetics analyses, electronic state
analyses, AIMD simulations, and multiple in situ/operando
spectroscopic techniques.?**> Once the initial olefins are formed
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by direct coupling of SMS with DME, autocatalysis is triggered
to switch the reaction from the induction period to the high-
efficiency stage. This transition stage is facilitated by the
formation of a hypercycle, which consists of an olefin-based
cycle interconnected with an MCP-based cycle and an aromatic-
based cycle.

These in-depth explorations of the catalytic cycles in the
MTO reaction provide a comprehensive understanding of the
evolution and pathways from methanol to products on the
zeolite catalyst, and may extend to elucidate the mechanism
of ethanol-to-hydrocarbon reaction.”***** Moreover, light ole-
fin selectivity can be systematically tuned by modulating HCP
dynamics through external reactants and tailored zeolite archi-
tectures. Co-feeding methanol with additives (e.g., alkenes,
aromatics, and formaldehyde) can shift the ethylene-to-
propylene ratio by influencing whether the olefinic or aromatic
cycle dominates in the dual-cycle mechanism.'®”**® Impor-
tantly, “‘pre-coking” strategy involves pre-filling the CHA cage
with specific polycyclic aromatic hydrocarbon molecules before
the reaction, increasing the ethene selectivity through promot-
ing the catalytic cycle involving naphthalenic cations.”**™>*% In
addition, the catalytic mechanism of this organic-inorganic
system provides a fundamental basis for developing innovative
catalytic routes, e.g., coupling of methanol with methylbenzene
or formaldehyde.>*>?*® These catalytic approaches not only
improve the reaction efficiency and selectivity but also pave
the way for more sustainable production methods in the
petrochemical industry by enabling the conversion of simple
feedstocks into higher value chemicals.

3.2.3. Effect of channel/cavity geometry on HCPs. Typi-
cally, the size of the cavity and channel for zeolites play a
dominant role in controlling the formation of carbenium ions
as HCP species, further regulating the formation of alkene and
aromatics in the MTO reaction. Recently, Ferri and co-
workers®®*® have illustrated the relationship between zeolite
topology and the nature of carbenium ions by employing
transient operando diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS) coupled with gas chromatography.
On H-ZSM-5, multispecies including alkyl-substituted cyclopen-
tenyl cations, polymethylbenzenium ions, and acyclic allylic
carbocations were characterized as active reactive centers,
which correlated with the formation of linearly short olefins
in the MTO process. Polymethylbenzenium ions were predomi-
nantly formed on H-SSZ-13 with CHA topology, correlating with
ethene and propene formation. Ferrierite (FER), a medium-pore
zeolite with a two-dimensional channel system, restricted the
formation of cyclic carbenium ions. Despite this, FER show
high selectivity toward C,—Cs olefins, accompanied by the
formation of C¢ aliphatic chains that may include allylic cation
groups. Furthermore, Bladus and Weckhuysen et al.®* eluci-
dated the relationships between zeolite channel geometry and
reactive intermediates by using anisotropic zeolite ZSM-5 crys-
tals with different channel orientations. As illustrated in
Fig. 12a, combining 2D *C-"*C and "*C-'"H ssNMR experi-
ments demonstrated a higher degree of alkylation of HCP
species in b-oriented zeolite crystals dominated by straight
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channels. This enhanced alkylation indicates that straight
channels favour the aromatic cycle, thereby promoting ethene
formation. Conversely, only symmetric methylated aromatics
were observed in a-oriented crystals dominated by sinusoidal
channels, suggesting that the more constrained sinusoidal
channels favour the olefin cycle. These findings provide valu-
able insights for designing catalysts with tailored selectivity and
enhanced performance in methanol conversion processes.
Recently, paired BAS was found to promote the transformation
of HCP species, such as aromatics, cyclopentenyl cations, and

(a) E At
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pentamethyl-benzenium ions, into the light olefins, elucidating
the critical relationship between the BAS configuration and
catalytic performance in the MTO reaction over ZSM-5 zeolites.

Recent studies have elucidated the significant role of zeolite
cavity size in controlling the formation and reactivity of carbenium
ions, thereby influencing the MTO reaction pathway, product
diffusion, and product selectivity.**** Liu et al.****** reported
a cavity-controlled principle in the MTO reaction, showing that the
zeolite cavity influences active intermediate formation, reaction

pathways, catalyst deactivation, and diffusion. Fig. 12b illustrates
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the HCP carbenium ions identified in different zeolites during the
MTO reaction. Zeolites with smaller cavities such as SAPO-35 and
H-RUB-50 (6.3 x 7.3 A) predominantly form less-methylated
carbenium ions such as trimethylcyclopentenyl and tetramethyl-
benzenium cations.”** These intermediates are associated with
higher ethylene selectivity. In contrast, zeolites with larger cavities
such as SAPO-34 (6.3 x 10 A), $57-13 (7.3 x 12 A), and DNL-6
(11.4 x 11.4 A) facilitate the formation of more-methylated carbe-
nium ions including pentamethylcyclopentenyl and hexamethyl-
benzene ions, leading to increased propylene production. These
basic principles provide a possibility to subtly control the MTO
product distribution by the design and synthesis of the molecular
sieve catalyst. For instance, Liu et al>* synthesized an ultra-small
cage structure SAPO-14 molecular sieve with a narrow 8-MR
channel, realizing the propylene selectivity as high as 77.3% in
the MTO reaction.

Independently, the research group of weckhuysen®*®
observed that differences in the size and shape of the zeolite
cages resulted in the retained distinct HCP species. These
variations, in turn, led to lattice expansions of differing magni-
tudes and directions in CHA, DDR, and LEV topologies. The
concept of ‘“cage-defining ring size” introduced by Davis and
co-workers®®” further clarifies the relationship between the
zeolite structure and the olefin selectivity. This parameter is
defined as the minimum number of tetrahedral atoms, forming
the ring that encircles the center of the framework cages in the
molecular sieve topology. Specifically, zeolites with 12-
membered cage-defining rings such as CHA, AFX, and SFW
topologies exhibit ethylene selectivity similar to that of propy-
lene. Conversely, zeolites with smaller cage-defining ring sizes
such as LEV and ERI produce higher ethylene than propylene;
while those with larger cage-defining rings such as DDR and
ITE generate more propylene than ethylene. These findings
reveal the critical influence of zeolite cavity size and cage-
defining ring size on the nature of confined carbenium ions,
which, in turn, dictate MTO activity and product. Utilizing the
host-guest interaction between zeolite frameworks and
HCP species enables the synthesis of zeolites with desired
topologies and improved performance.>*® By leveraging an in-
depth understanding of the MTO mechanism, Corma and
colleagues®® introduced an innovative approach by utilizing
the ab initio design of organic structure-directing agent (OSDA)
molecules guided by the key hydrocarbon pool intermediates,
facilitating the synthesis of specific zeolite structures using
HCP mimics as OSDAs (Fig. 12c¢). The obtained catalysts exhibit
a much higher selectivity toward propylene (up to 45%) in MTO
reactions, owing to the favored paring mechanism on these
zeolites.

3.3. Elucidation of the mechanism of catalyst deactivation

The HCP species trapped inside serves as a scaffold for the
formation of PAHs, ultimately leading to catalyst deactivation.
Deactivation primarily results from coke deposition, which
occurs both inside the micropores and on the external crystal
surface, thereby blocking micropores, occluding active sites,
and reducing olefin production. Given the intricate reaction
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networks involved, catalyst deactivation is closely linked to
conversion rates, product selectivity, and catalyst lifetime,
significantly influencing reactor design (e.g., fluidized bed vs.
fixed-bed reactors) and process optimization in industrial
applications. For example, in the SAPO-34-catalyzed MTO reac-
tion, rapid deactivation arises due to coke accumulation within
large supercages, exacerbated by the restricted diffusion
imposed by the narrow 8-membered ring (8-MR) pore
openings.>*® Consequently, fluidized-bed reactors with contin-
uous reaction-regeneration cycles are employed to sustain
catalyst activity. In ZSM-5-catalyzed MTP processes, external
coke formation is responsible for the deactivation."”*>*" The
10-MR channel of ZSM-5 imposes spatial constraints that limit
the formation and diffusion of larger aromatic species. As a
result, fixed-bed reactors are typically employed to accommo-
date the gradual deactivation behavior of the catalyst. Under-
standing these zeolite deactivation mechanisms is crucial for
comprehending the entire MTO reaction process and serves as
a theoretical foundation for improving the industrial process
efficiency.

Numerous studies have reviewed catalyst deactivation by
coke formation and discussed the impact of acidity on carbon
deposition.*>****> Over the past decade, multi-technique
approaches have been developed to analyze coke composition,
spatial distribution, and formation pathways.>*****?*** Typi-
cally, the insoluble coke composition is analyzed by dissolving
the zeolite framework in HF, followed by chromatographic (GC/
GC-MS, HPLC) or spectroscopic (NMR, MALDI-TOF/MS)
analyses.”**>%” However, this dissolution and extraction proce-
dure provides the chemical compound of the confined species
(mixture mainly composed of aromatics and polycyclic aro-
matics) at the cost of destroying the catalyst structure. SSNMR
acts as a complementary technique to provide valuable infor-
mation of the insoluble coke species, the interaction or spatial
correlation between various species involved in deactivation,
the structural change and the influence of deactivated catalysts
on diffusion without damage to the catalyst structure. Addi-
tionally, the spatial distribution of coke species in catalyst
particles is visualized with analytical tools, including SEM,>*®
TEM,>* atom probe tomography (APT),>****! structured illu-
mination microscopy (SIM),>>> and confocal fluorescence
microscopy (CFM).>***>® In this review, we mainly focus on
the application of ssNMR as a complementary technique for
investigating catalyst deactivation in the MTO process, provid-
ing additional insights beyond the existing reviews on
this topic.

3.3.1. Coke deposition and the interaction between coke
precursors. The complexity of deactivation in the MTO process
arises from the diverse types and structures of coke deposits,
which are influenced by multiple factors. These include the
catalyst framework, acidity, crystal size, and operating condi-
tions such as reaction temperature, pressure, and feed compo-
sition. Coke formation and deactivation mechanisms vary with
reaction temperature, even for the same catalyst type. Consid-
ering the exothermic nature of the MTO reaction, initiating
methanol conversion at lower temperatures to utilize the

This journal is © The Royal Society of Chemistry 2025
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reaction heat to maintain the target temperature seems a
promising strategy for energy savings. However, when the
reaction is operated at a temperature in the range of 573-
623 K, the SAPO-34-catalyzed MTO process exhibits an obvious
induction period accompanied by rapid deactivation.?*® Studies
on temperature-programmed methanol conversion in a micro-
scale fluidized-bed reactor show temperature-dependent beha-
viors that significantly influence catalyst performance. As
shown in Fig. 13a, methanol conversion initiates around
523 K, with a notable conversion increase at the temperature
range of 573-598 K.>° While a decline in methanol conversion
occurs between 598 and 623 K, followed by partial recovery
above 673 K. Further studies observed the catalyst deactivation
of methanol conversion at low temperatures displays a yellow
colour, which is distinctly different from the typical blackish-
green in catalysts deactivated at higher temperatures.”>” At
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higher temperatures, the coke deposits are generally more
aromatic, which correlates with a shorter induction period
and an extended catalyst lifetime. In contrast, at lower tem-
peratures of 623 K, the coke formed tends to be less aromatic
and more saturated, possibly comprising species such as
methyladamantanes (Fig. 13a, right). This was corroborated
by >C MAS NMR spectroscopy, which identified the character-
istic adamantane signals in the deactivated catalyst. The encap-
sulation of adamantane species within the CHA cages restricts
the formation of HCP species on BAS, leading to a more severe
deactivation. These adamantane species convert into naphtha-
lene derivatives, eventually forming polycyclic aromatics, which
temporarily restore MTO activity but ultimately cause perma-
nent deactivation of SAPO-34. In industrial MTO processes,
reactors are preheated to temperatures exceeding 623 K before
introducing the methanol feedstock. This practice is essential
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Fig. 13 (a) Effluent distribution of fluidized-bed methanol conversion on SAPO-34 under the condition of programmed increase of temperature (left)

and the confined coke after methanol conversion at 573, 598 and 623 K (right). Reproduced with permission from ref. 20 and 257. Copyright 2015
American Chemical Society and 2012 Royal Society of Chemistry. (b) Two-dimensional **C-**C PDSD spectra of retained species obtained from a *C
methanol reaction over H-SSZ-13-LS at 573 K for 4—30 min (left) and models for the formation of polyaromatics in zeolite channels through the reaction
of aromatics with cyclopentenyl cations (right). Reproduced with permission from ref. 260. Copyright 2020 John Wiley and Sons. (c) Total acidity, 27Al,
and 'H MAS NMR spectra of H-ZSM-5 (Z,) catalysts after steaming, 1-hexene cracking, or a combination of thereof, followed by oxidative regeneration.
The color code in the insets corresponds to that of the deconvoluted spectra. Both reactions were performed at T = 773 Kand P = 1.6 bar. Reproduced
with permission from ref. 262. Copyright 2024 American Chemical Society. (d) Top: Bright field images and confocal fluorescence microscopy images of
SAPO-34 crystals after MTO conversion at 673 K for various reaction times. Down: The variation in intracrystalline self-diffusion coefficients of CH,4 and
C,H4 at 298 K and diffusion activation energies determined in the temperature range 298-328 K in fresh and spent SAPO-34 as a function of coke
amount. A loading of 0.5 molecules per cage is used. Reproduced with permission from ref. 105. Copyright 2018 Elsevier.
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to prevent the formation of methyladamantanes—cage-like
hydrocarbons that can cause rapid catalyst deactivation by
blocking the pores of the zeolite catalysts. By maintaining
appropriate preheating protocols, industrial operations balance
the thermodynamic efficiency with catalyst longevity, optimiz-
ing the overall performance of the MTO process.

While elucidating the precise structure of heavy coke species
by ssNMR spectroscopy remains a challenge due to the over-
lapping NMR signals of structurally similar aromatic com-
pounds, recent advancements have improved its applicability
for gaining deeper insights into the correlations of hydrogen
atoms with coke species. In 2024, Paunovic et al.>*® investigated
coke deposition in MTH reactions using 2D "H-"H DQ-SQ MAS
NMR to establish the spatial correlations between different
hydrogen atoms from methylbenzenes, naphthalene, PAHs,
and the aliphatic substituents on the deactivated catalyst.
Furthermore, DNP-enhanced ssNMR has been employed to
examine the spatial distribution of coke species in fluid cata-
Iytic cracking (FCC) catalysts.>®® This approach revealed that
aromatic coke species are primarily surface-exposed, whereas
aliphatic species penetrate deeper into FCC catalyst particles.

Although bulky PAHs formed by the continuous accumula-
tion of the cyclic HCP species are often considered as the
deactivating species in MTO catalysts, the formation pathways
of these species remain controversial. Deng et al.>® revealed
that m-interaction-induced spatial proximities between HCP
species (cyclopentenyl cations) and aromatics dictate the for-
mation of naphthalene inside H-SSZ-13 zeolite. This was
demonstrated using 2D "*C-"*C PDSD NMR spectroscopy, con-
firming the intermolecular proximity of HCP species and aro-
matics after "*C-methanol reaction over H-SSZ-13 zeolites at
573 K for 8-30 min (Fig. 13b). Furthermore, the normalized
intensity of the correlation peak increased linearly over time,
suggesting that closer spatial interactions enhance PAH for-
mation. Notably, this correlation peak was barely detectable in
high-silica H-SSZ-13, indicating that the acid site density
directly affects HCP distribution and thus modulates intermo-
lecular interactions critical to PAH formation. More recently, a
cage-passing growth mechanism was proposed on SAPO-34 in
which three- to four-ring aromatic hydrocarbons are initially
formed within the separate cages and function as the primary
coking units/clustering species, subsequently becoming cross-
linked with those in neighbouring cages.**” The molecular
structures of coke species were along with the specific cage
structures and dimensions. This mechanistic understanding
not only sheds light on host-guest chemistry in heterogeneous
catalysis but also provides a solid theoretical foundation for
optimizing precooking strategies in the MTO reaction.**”

3.3.2. Acid site evolution and mass transport limitations
of deactivated catalysts. The formation of carbon deposits
significantly impacts methanol conversion by modifying
catalyst acidity, blocking pore entrances, and restricting mass
transport, ultimately leading to a severe decline in catalytic
performance. Besides identifying the nature and location of the
coke species in zeolites, it is essential to understand the
structural and property changes of catalysts throughout
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reaction-regeneration cycles, particularly under elevated tem-
peratures in industrial MTO processes.

In 2013, Li and Hunger et al.*®' employed 'H MAS NMR
spectroscopy assisted with an NH; probe molecule to monitor
the densities of accessible BAS and active HCPs as a function of
time-on-stream (TOS) on SAPO-34 samples from a fix-bed
reactor. During the active phase of the catalyst lifetime, a rapid
decrease in the density of accessible BAS was observed due to
HCP formation on BAS sites. As polycyclic aromatics progres-
sively blocked the pores, BAS became undetectable by '"H MAS
NMR. Interestingly, a later study from the same group showed
that upon regeneration of SAPO-34 in synthetic air at 873 K, BAS
was fully restored, with intensities comparable to those of the
fresh catalyst. In 2024, Paunovic and coworkers***> used a
combination of ssNMR, IR, and UV-Vis spectroscopic techni-
ques to systematically investigate the structural changes of
ZSM-5 catalysts during MTH reaction-regeneration cycles. >”Al
and >°Si MAS NMR spectra provided evidence of dealumination
in ZSM-5 frameworks, primarily due to steam generation dur-
ing MTH reactions (Fig. 13c). Notably, dealumination reduced
BAS concentrations, initially accompanied by a rise in LAS.
Structural analysis revealed that aluminum loss was more
pronounced in the channels than in the intersections, leading
to the formation of penta- and hexacoordinated detached
aluminum species. Further investigation using 2D *’Al-*"Al
DQ-SQ MAS NMR demonstrated that a significant fraction of
the detached aluminum species remained in close proximity to
the framework aluminum sites. These aluminium redistribu-
tion processes lead to a decrease in catalyst activity and alter
the reaction rates, reducing the selectivity of C;, alkenes and
lowering catalyst turnover capacity due to the enhanced for-
mation of coke precursors.

Deactivation is known to depress the conversion of metha-
nol and limit mass transport by blocking pore entrances in
catalytic processes. To probe the internal pore structure and
local chemical environments during methanol conversion, HP
129%e NMR spectroscopy was applied on SAPO-34 (crystal size of
7-10 um) under mild conditions.'® A sharp reduction in the
2%%Xe intensity adsorbed in the spent SAPO-34 catalyst, com-
pared to the fresh catalyst, implied that CHA cavities were
occupied by coke species. In addition, PFG NMR measurements
using methane and ethene as probe molecules have demon-
strated a reduced self-diffusion coefficient associated with
increased diffusion activation energy (Fig. 13d). As coke species
evolved, spatial heterogeneity in SAPO-34 crystals led to further
diffusion constraints, reducing reactant accessibility to
active acid sites and thereby accelerating MTO catalyst deacti-
vation, particularly in cavity-type SAPO catalysts with narrow
pore openings. By combining fluorescence microscopy
with spectroscopic techniques, Weckhuysen and co-workers>>?
established a direct correlation between the pore architecture
and the molecular transport dynamics. These advancements
in integrated imaging techniques offer critical insights
into catalyst structural evolution, facilitating optimized catalyst
design and process improvements in industrial MTO
applications.
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Understanding the coke formation or deposition mecha-
nism is essential for mapping the entire reaction process, from
the activation of reactant to catalyst deactivation. These
insights provide fundamental guidance for catalyst optimiza-
tion and process design. We will discuss key strategies in these
two areas:

(1) Catalyst optimization. Many studies have revealed that
reducing the SAPO-34 crystal size can increase the surface area
and shorten diffusion paths, thereby improving mass transfer
efficiency." In MTO industrial catalysts, specially designed
nano-sized SAPO-34 molecular sieves are typically used.*’
Another approach is the introduction of hierarchical pore
structures, where mesopores or macropores are incorporated
into the microporous SAPO-34 to enhance the internal mass
transfer.?®*?%* In addition, the existence of inactive siliceous
exterior rim of Si-zoned ZSM-5 particles introduces surface
passivation, reducing the diffusion limitations and extending
the catalyst lifetime by reducing coke accumulation on external
surfaces.’®®> Importantly, the catalyst should simultaneously
possess the mechanical strength to withstand attrition and
thermal stresses in fluidized-bed reactors and regenerators in
practical applications.

(2) Process optimization for catalyst regeneration. To solve
the rapid deactivation of SAPO-34, a fluidized bed reactor is
used with a reaction-regeneration cycle in the industry to
remove coke and restore catalytic activity.> Based on a com-
prehensive understanding of coke evolution on SAPO-34, Ye
and Liu et al>*® developed a regeneration strategy by steam
cracking to directionally transform coke into active HCPs
(naphthalenic species) within nano-confined spaces in indust-
rially relevant SAPO-34 zeolites. This approach effectively
restores catalytic activity, enhances light olefin selectivity, and
generates minimal flue gas emissions with negligible CO,
release (a detailed discussion is presented in Section 3.4.3).

3.4. Effect of water in the MTO reaction

In the MTH reaction, water is an unavoidable dominant bypro-
duct, and its presence significantly impacts catalyst stability,
adsorption behavior, and diffusion processes, ultimately influ-
encing the overall reaction performance.>**?°**%” In industrial
MTO processes, typically conducted at 673-773 K using SAPO-
34 catalysts, co-feeding water dilutes reactant partial pressures
and removes excess heat from the reactor. In addition, cofeed-
ing water with methanol enables modulating the catalyst
deactivation, as water can modulate HCP formation, reduce
coking rate, and enhance olefin selectivity and catalyst
lifetime.>”*%%2% This section summarizes the impact of water
on different stages of MTO reaction, as revealed by ssNMR
studies.

3.4.1. Influence on active sites and stability of catalysts.
During the MTH conversion process, water interacts dynami-
cally with the catalyst framework through water adsorption,
reversible hydrolysis and irreversible hydrolysis of T-O-T
bonds (from weak to strong). The extent of these interactions
depends on reaction conditions, including temperature, pres-
sure, and water content. Recent studies have demonstrated that
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under mild hydrothermal conditions (373-573 K), water can
dynamically and reversibly break and reform T-O-T bonds in
SAPO-34.%7° By treating a SAPO-34 catalyst with gaseous H,'’O,
1D and 2D 7O MQMAS spectra confirmed the formation of
Si-'70-Al and P-'70O-Al species (Fig. 14a). Leveraging this
framework flexibility (dynamic and reversible breaking and
forming of T-O-T bonds), bulky probe molecules (e.g., tri-
methylphosphine (TMP) and pyridine) were successfully encap-
sulated within CHA cavities via 8-MR windows, enabling
accurate identification of four distinct BASs through 2D
"H-*'P HETCOR and REDOR experiments. More importantly,
this strategy enhanced light olefin selectivity and the ratio of
ethene to propene in the MTO reaction, owing to the extra
diffusion restrictions with TMP/pyridine encapsulation. This
water-induced reversible process of SAPO-34 not only reveals
the interactions between gaseous water and the framework of
molecular-sieve under mild hydrothermal conditions, but also
provides an effective “ship-in-a-bottle” approach for optimizing
catalysts and manipulating shape selectivity in the MTO
reaction.

While SAPO-34 exhibits high hydrothermal sensitivity, irre-
versible T-O-T hydrolysis can occur even at room temperature,
leading to potential framework degradation. A recent work by
Dai et al.>”" investigated water-induced structural changes in
SAPO-34 catalysts during MTO conversion at 623 K. Using 1D
?’Al and *'P MAS NMR, combined with 2D *'P->’Al HETCOR
MAS NMR, they observed progressive accumulation of organic
deposits inside SAPO-34 pores and cages. These studies
revealed that, as MTO conversion progresses, more organic
deposits are accumulated within the cages of the SAPO-34
catalyst, covering partial BAS and even some P-O-Al bonds,
thereby effectively preventing the framework irreversible
hydrolysis.

3.4.2. Modulation of the reactivity of reactive substrates
and intermediates. The interactions between water and
zeolites enable dynamic tuning of the local structure of adsor-
bate-zeolite complexes, emphasizing the significance of
microenvironmental effects on catalytic performance. Compe-
titive adsorption of water with methanol and propene reduces
the accessibility to BAS, thereby lowering the intrinsic metha-
nol reactivity toward SMS formation and inhabiting the for-
mation of bulky HCP species. This interaction induced a more
efficient use of the inner part of SAPO-34 crystals, leading to an
increase in the length of the induction period.**® Kung et al.*”
reported that the loading amount of water influences
the structure of water-methanol complexes formed with
BAS protons in H-ZSM-5, thereby affecting the initial rate of
methanol dehydration to DME. Water-assisted MTO reactions
have been shown to increase the concentration of naphthyl
species in SAPO-34, promoting the catalytic reaction cycle
with these species and resulting in an increase in ethene
selectivity from 49.7% to 57.7%.”%° Additionally, water also
serves as a proton transfer mediator, facilitating proton shutt-
ling between the zeolite framework and organic intermediates,
thereby reducing the reaction energy barrier for ethene
formation.

Chem. Soc. Rev., 2025, 54, 6652-6696 | 6673


https://doi.org/10.1039/d5cs00341e

Published on 13 June 2025. Downloaded by Dalian Institute of Chemical Physics, CAS on 12/1/2025 1:15:31 AM.

Chem Soc Rev

21 0
(a) 48
V\,/L 2 e
SIOTEEE —0
/SI\ /AI\ 1"',(4:;,?\“

mw/\\mw., -]

100 C

5 ("0 ppm)

604
Untreated
T r v
300 200 100 0 -100 -200 -300 80 60 40 20
5 ("0 ppm) 5, ("0 ppm)
s M H H
" Y —H-17d, He17 1,
SerP? TH0 L S | 8O O’ s Sur o PP LEO S0P
AN 7N A /N A /N AN
N\"o/H '

Np 0,2 HT0L o 0] S, s, oSS0, NP I N
N\ /N 7\ ST RN 7\ S A /N AW
: n n m
£
)
2
§
g

Imenslly(au) 1 0 Intensity (a.u) 1 0 Intensity (a.u.) 1

BAS Carbocation Aromatic

View Article Online

Review Article

O
130 0 SMS-Benzene complex 10
A N 5
e 0 e |z - _—»
4 Nowater Sigl x ///
= 22 < |3 - et s
= 130,59); = 728 s 5 Z
=8 8§ 2,
gd |w2 @ |3 - |8t
°5
- g5 g ©
- |0 |725 5 - |‘s — e
140 120 100 80 60 145 135 125 70 65 60 55 50 9 200 400 600 80C
°C chemical shift/ppm 'C chemical shift/ppm Added water amounts (umol/g)
SMS-Benzene complex Water clusters
Molecule movement
Benzene along zeolite channel H H—O\

SMS I
si \H 5 H*O/ nal
8 | H
/O_F{”’H ‘ &a: N I-{O
N W s

TN
o C-H---m interaction /\

(d)

First-principle based guidance Selective transformation of ‘coke’

S ¢
CO +H,

Sl o ot
s e oI ¥ 'Enhanced Higher carbon
“%3"7; Tt selectivity of . jatom economy
:
o S ethylene
_—
»
Deactivated ” o 'Naphmalemc specnes -based ® h,0
catalyst catalyst ,
ﬂ:..\.() iy . i
o 1N
¢ CH,OH

Fig. 14 Influence of water on the MTO reaction. (a) One- and two-dimensional O MQMAS NMR spectra of H,YO steamed SAPO-34, and schematic of the
proposed route for /O incorporation from H,YO into the Si—-O—Al (top) and P—O—-Al (bottom) species. Reproduced with permission from ref. 270. Copyright
2020 John Wiley and Sons. (b) Influence of water on the construction of reactive SMS-Benzene complex over H-ZSM-5. Reproduced with permission from
ref. 273. Copyright 2023 John Wiley and Sons. (c) Two-dimensional *H MRI images of reacted H-ZSM-5 zeolites exposed to a moist environment (72%
humidity) for 60 min. Reproduced with permission from ref. 274. Copyright 2024 American Chemical Society. (d) Schematic of selective transformation of coke
into specific intermediates over SAPO-34 catalyst. Reproduced with permission from ref. 228. Copyright 2021 Springer Nature.

In the high-efficiency stage governed by super catalytic
cycles, water modulates the reactivity of carbenium ions and
regulates the thermodynamics and dynamics of catalytic reac-
tion networks. A water-induced microhydrophobic effect plays a
crucial role in improving the methylation reaction between SMS
and benzene, which is a key step in the MTH reaction.>”
Multiple dimensional solid-state NMR experiments revealed
the formation of SMS-benzene complexes evidenced by the
correlation peaks in 2D “C-'*C PDSD MAS NMR spectra
(Fig. 14b). The formation of SMS-benzene-water complexes
was validated by 'H-'H triple-quantum (TQ)-SQ MAS NMR
spectroscopy under ultra-fast magic-angle spinning (100 kHz)
conditions, demonstrating the spatial proximity of benzene,
water, and SMS. '"H-"’Al S-RESPDOR MAS NMR spectra eluci-
dated the spatial proximity between the benzene molecule (*H)
and the BAS (*’Al) within zeolite pores, highlighting the role of
water in methanol pre-activation and proton transport between
organic intermediates and zeolites. Cofeeding water in the
MTO reaction impelled that water promotes the catalytic reac-
tion cycle with naphthyl species in SAPO-34, facilitating a
highly efficient catalytic cycle to achieve 58% ethene selectivity
and extended catalyst lifetime.>*® Additionally, the impact of
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water on the cyclopentenyl cation reactivity within ZSM-5 pores
was explored using micromagnetic resonance imaging (LMRI)
and ssNMR techniques.””* >C CP MAS spectra of the confined
product on the catalyst in a fixed-bed reactor after methanol at
573 K revealed a nonuniform distribution of cyclopentenyl
cations and aromatic hydrocarbons, leading to a water adsorp-
tion gradient along the fixed-bed reactor (72% relative humid-
ity), as visualized by 2D "H MRI images (Fig. 14c). The 2D
BC-'"H HETCOR NMR experiments indicated that BASs and
cyclopentenyl cations exhibit higher water adsorption capaci-
ties than aromatic hydrocarbons. Specifically, the nucleophilic
character of water significantly enhanced the conversion of
cyclopentenyl cations to aromatic compounds, reinforcing
aromatic-based catalytic cycles and boosting ethene selectivity.
These findings reveal the pivotal role of water in manipulating
confined carbenium ion reactivity, ultimately tuning the pro-
duct selectivity in MTH processes.

3.4.3. Influence on catalyst deactivation and regeneration.
Water plays a multifaceted role in the MTO reaction, particu-
larly in mitigating coke formation and thereby extending the
catalyst lifetime. The competitive adsorption of water, metha-
nol, oxygenates, HCPs, and coke precursors at BAS reduces the
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accessibility, thereby slowing the key reaction steps such as
formation of initial HCPs, olefin dimerization, cyclization, and
hydrogen transfer, ultimately decreasing coke formation. Co-
feeding water selectively quenches PAH clustering against the
formation of active HCP species on SAPO-34 catalysts under
MTO reaction conditions, thereby slowing catalyst deactivation
due to coke deposition.”*® While catalyst deactivation due to
coke deposition is inevitable, the regeneration of deactivated
catalysts can remove coke species while restoring the catalytic
activity. Traditionally, air or oxygen is used to oxidize coke
species into CO, CO,, and steam (H,0), thereby removing and
deactivating carbon deposits.>’>?”® However, to reduce CO,
emissions, steam gasification has been employed as a more
sustainable alternative, converting coke into valuable syngas
rather than fully oxidizing into CO,. In the MTO process,
partially regenerating deactivated SAPO-34 catalysts via steam
gasification has been proved to enhance ethylene selectivity
(compared to air combustion), primarily due to the residual
coke in SAPO-34 consisting of active HCPs, such as methylated
benzenes and naphthalene.>?®?*® Recently, Liu et al.>*® have
reported that during steam cracking at 953 K, the coke deposits
on deactivated SAPO-34 catalysts were selectively converted into
active naphthalene species (Fig. 14d). These confined naphtha-
lene species exhibit high stability at high temperatures, pro-
moting an efficient ethylene formation cycle via a naphthalene-
based catalytic pathway in the MTO reaction. To validate this
coke transformation strategy, fluidized-bed reactor-regenerator
pilot experiments were conducted at the level of a pilot plant,
achieving an unexpectedly high selectivity of 85% for light
olefins, with 88% valuable CO and H, and only 5% CO, as
byproducts from regeneration. This strategy effectively regu-
lates the MTO reaction through partial steam gasification of
coke species, reducing CO, emissions and increasing carbon
atom utilization, thereby further enhancing the economic
viability of the MTO process.

Despite its complexity, water plays a crucial role throughout
all stages of the MTO reaction. In DMTO technology, almost
20% external water is introduced along with methanol vapor,
resulting in products containing nearly 75% water (mass frac-
tion). Beyond serving as a heat carrier to dissipate the exother-
mic energy of the MTO reaction, water helps to reduce the
partial pressure, which is beneficial for generating low-carbon
olefins (because MTO is inherently a low-pressure process).
Moreover, water competes with olefins for adsorption on active
sites, thereby facilitating the desorption of olefins and enhan-
cing olefin selectivity.>”” By mitigating the concentration of
reactants at these active centers, water also slows down catalyst
coking in the MTO reaction.**%?7®

4. Application of ssNMR techniques in
DME carbonylation reactions

The MTE process, catalyzed by zeolites, represents another
significant advancement in methanol conversion technologies.
This process encompasses the initial dehydration of methanol
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to DME, followed by the carbonylation of DME with CO to yield
MA, which is subsequently hydrogenated to produce
ethanol.?®?%31:279 The pivotal step in this sequence is the
selective carbonylation of DME to MA, a reaction typically
conducted at temperatures ranging from 423 to 573 K under
high pressures from 2 to 5 MPa using MOR zeolites character-
ized by their unique 8-MR and 12-MR pore structures.’' The
DME carbonylation mechanism exhibits notable parallels with
the MTO reaction, particularly concerning the evolution of
SMS, which are crucial for the initial C-C bond formation
and subsequent product development. Both processes progress
through stages of induction, high-efficiency reaction, and rapid
deactivation. Considering the economic significance of ethanol
as the primary MTE product, there is a pressing need for
further investigation into DME carbonylation.>® Fundamental
research not only deepens our mechanistic understanding but
also drives industrial advancements, paving the way for more
efficient and sustainable processes in methanol conversion.

The development of DME carbonylation technology has
advanced rapidly from mechanistic discovery to industrial
implementation, as illustrated in Fig. 15. In 1984, Fujimoto
et al*®° investigated methanol carbonylation on various zeo-
lites including H-Y, H-ZSM-5, H-MOR, as well as Cu-modified
zeolites, establishing a foundation for subsequent research.
The MOR zeolite has a one-dimensional channel system con-
sisting of 12-MR channels and narrower 8-MR channels, which
are connected by 8-MR side pockets. In 2006, Iglesia et al.>”®
demonstrated that DME carbonylation over H-MOR achieved
high reaction rates with 99% MA selectivity, attributing this
performance to the unique pore structure and acid site dis-
tribution of the MOR zeolites. Subsequent studies in 2007
confirmed the correlation between catalytic performance and
the number of BAS in the 8-MR side pocket.*®*" The confine-
ment effect and acid site distribution within these structures
play a critical role in enhancing DME carbonylation activity and
selectivity. In 2010, Shen et al.>®* enhanced the stability of H-
MOR through pyridine modification, solving the problem of
rapid catalyst deactivation. In 2013 and 2015, Deng et al.”® and
Bao et al.,”® using various in situ ssSNMR techniques, directly
detected acetyl species, further validating the proposed reaction
mechanism.

Liu et al.**® has pioneered the use of the DMTE (dimethyl
ether to ethanol) process to produce ethanol from DME via MA.
Starting with methanol as the feedstock, the process includes:
(1) a methanol dehydration unit to generate DME, (2) a DME
and CO carbonylation unit to produce MA, and (3) a MA
hydrogenation unit to yield ethanol as the final product, with
the generated methanol recycled back into the reactants. Thus,
the net reaction converts methanol and syngas into ethanol
(Fig. 16). Methanol feedstock can be sourced through multiple
pathways, including syngas-to-methanol conversion, which has
already been industrially implemented, CO, hydrogenation
with green hydrogen and biomass-based routes for green
methanol production, both of which hold potential for future
realization. Additionally, innovative approaches for utilizing
CO resources (such as steel plant tail gas and coke oven gas)
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Fig. 15 Milestones in the fundamental research and industrial development of the DME carbonylation process.

promote low-carbon integrated development across industries
such as steel, energy, and environmental sectors. In collabora-
tion with Shaanxi Yanchang Petroleum (Group), the world’s
first 0.1 Mt a* ethanol demonstration project was launched in
2017. Subsequently, the technology was extended to the steel
industry, and a 0.6 Mt a~" ethanol production plant was
ultimately completed in 2023. Thus far, DMTE technology has
been licensed for 14 commercial units with an annual ethanol
production capacity of 4.55 Mt a '. Notably, this process
utilizes an anhydrous system for carbonylation and hydrogena-
tion, enabling direct anhydrous ethanol production while cir-
cumventing the challenges associated with ethanol-water
azeotropes. The carbonylation and hydrogenation processes
generate minimal acetic acid, resulting in low system corrosiv-
ity. This significantly reduces the acid corrosion resistance
requirements for reactor materials, greatly enhances equip-
ment operational safety, and substantially reduces costs. Addi-
tionally, high-performance zeolite-based catalysts substitute
noble metal catalysts, enhancing economic feasibility. Flexible
MA and ethanol configurations further improve market com-
petitiveness. Different from fluidized-bed reactors used in MTO
processes, fixed-bed reactors are employed in the DME carbo-
nylation reaction due to their ease of scale-up and operational
simplicity.

Despite the industrial success of DME carbonylation tech-
nology, several scientific issues remain unresolved, particularly

Methanol

Methanol
DME MA
co H,
DME
DME Synthesis Dryer Carbonylation Hydrogenation Alcohol Ethanol
Reactor Reactor Reactor Separator

CH,OH+CO+2H,—CH,CH,0H+H,0

Fig. 16 Simplified process diagrams for DMTE technologies.
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concerning the mechanistic intricacies and catalyst optimiza-
tion. Core scientific issues such as detailed reaction mechan-
isms and the direct correlation between fundamental research
and industrial applications remain underexplored.>**** This
review emphasizes the following aspects: (1) the roles of 8-MR
and 12-MR pore channels in MOR zeolites, (2) the distinction of
non-equivalent T sites in MOR zeolites, (3) the impact of water
on the carbonylation reaction of DME, and (4) strategies for
modifying MOR zeolites to enhance the catalytic performance.
By systematically addressing these aspects, this review aims to
deepen the mechanistic understanding of DME carbonylation
and foster advancements in catalyst design.

4.1. Roles of 8-MR and 12-MR channels in DME carbonylation
of MOR zeolites

The exceptional catalytic performance of MOR zeolites with
99% selectivity to MA is attributed to the unique pore archi-
tectures. As illustrated in Fig. 17a, MOR zeolites feature large
12-MR channels (7.0 x 6.5 A) and smaller 8-MR channels (5.7 x
2.6 A), connected by side pockets (4.8 x 3.4 A)3279:281,284,285
This well-defined structure facilitates the precise progression of
the carbonylation process, leading to high MA selectivity.
Understanding the specific roles these channels play is crucial
for elucidating the reaction mechanism and optimizing catalyst
design. In this section, we will focus on the key reaction
intermediates (e.g., methoxy, acetyl species, and ketene species)
and the roles of 8-MR and 12-MR channels of MOR zeolite in
DME carbonylation reactions.

4.1.1. Key intermediates. The carbonylation reaction
begins with the activation of DME on BAS to form SMS and
methanol. Subsequently, CO inserts into the C-O bond of the
SMS, yielding a surface acetyl group. This acetyl group then
reacts with another DME molecule to produce one molecule of
MA and releases an additional methoxy group (Fig. 17b).>**

SMS governs the C-C coupling between SMS and CO during
DME carbonylation. Zheng et al'®® revealed the stepwise
mechanism of SMS formation from methanol and DME in
the MOR through AIMD free energy barrier calculations,
demonstrating the critical role of DME in SMS generation.
Based on AIMD calculations, methanol in the 8-MR channel
follows a bimolecular mechanism: the methanol molecule near

This journal is © The Royal Society of Chemistry 2025
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Fig. 17 Key intermediates in the DME carbonylation process on zeolites. (a) Structure of MOR. Reproduced with permission from ref. 293. Copyright
2023 Elsevier. (b) Mechanism of DME carbonylation with CO on H-MOR. Reproduced with permission from ref. 285. Copyright 2007 Elsevier. (c)
Detection of the acetyl species through in situ sSNMR techniques. Reproduced with permission from ref. 78. Copyright 2013 American Chemical Society.
(d) Left: Routes leading to surface acetyl in MOR and SSZ-13 with and without participation of ketene: pathway in MOR-12MR and SSZ-13 (blue Arrows)
and in MOR-8MR (red Arrows). Right: Two-dimensional free energy profiles and primary product of C—C bond coupling between SMS and CO in MOR-
12MR (top, left), MOR-8MR (top, middle), SSZ-13 (top, right) based on MTD-AIMD. The black lines represent the minimum free energy paths (MFEP)
(down, left). Free energy surfaces of acylium ion to surface acetyl in MOR-8MR (down, right). Reproduced with permission from ref. 286. Copyright 2021

American Chemical Society.

BAS first undergoes protonation, while the second methanol
acts as a methyl transfer agent to generate DMEH" and water.
After water desorption, DMEH" forms SMS at the BAS while
regenerating methanol. DME follows a similar stepwise SMS
formation mechanism, but exhibits significantly lower free
energy barriers in 8-MR (74.6 k] mol ') than methanol in 8-
MR (124.9 k] mol ') and DME in 12-MR (159.3 kJ mol ™),
making 8-MR channel the preferential position for DME-
derived SMS formation.

The detection of acetyl species has attracted widespread
attention and has been validated by various methods such as
kinetic analysis and DRIFT spectroscopy.**"2%¢*%” Here, we
specifically focus on the observation of acetyl species via
ssNMR spectroscopy. Deng et al.”® identified acetyl species as
key intermediates in DME carbonylation through "*C MAS NMR
spectroscopy on H-MOR zeolites. Their work employed sealed
glass ampoules operating under batch-like conditions. The co-
adsorption of **CO and "*CH3l at 473 K produced carbonyl (185
ppm) and methyl (21 ppm) species, confirming the formation
of acetyl species (Fig. 17¢). This finding was further supported
by CSA analysis, as the calculated isotropic chemical shift of the

This journal is © The Royal Society of Chemistry 2025

acetyl group in the 8-MR (184.2 ppm) closely matches the
experimentally measured surface acetyl chemical shift (185.3
ppm). Subsequently, Bao et al.”® used continuous-flow sSNMR
technology to monitor the formation and evolution of acetyl
species, where the acetyl signal at 169 ppm was unambiguously
identified through the integration of >*C CP MAS NMR spec-
trum and DFT calculations.

The reaction pathway proceeds through CO insertion into
SMS to form acetyl carbocation intermediates, which subse-
quently undergo competitive conversion to ketene species at
BAS. While ketene may further reorganize to regenerate acetyl
groups, the remarkably low energy barrier (12-MR: 17 k] mol ™ ?,
8-MR: 12 k] mol ") of this step results in an extremely low steady-
state concentration of ketene, rendering it experimentally unde-
tectable under conventional analytical conditions.*****° Jensen
et al.* identified ketene as a key intermediate in DME carbonyla-
tion of MOR zeolites through a combination of DFT calculations
and isotopic experiments. The introduction of D,O into the
CO/DME feed during MA synthesis yielded doubly deuterated
acetic acid (CH,DCOOD, m/z = 62) in mass spectrometry analyses.
This observation provides mechanistic evidence that ketene
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intermediates are exclusively involved in this pathway, as all
alternative reaction routes would generate monodeuterated
CH;COOD (m/z = 61) through non-ketene-mediated deuterium
incorporation. Zheng et al.**® advanced the mechanistic under-
standing by integrating AIMD simulations, SXRD, and FT-IR
spectroscopy to elucidate the critical role of ketene and its
derivatives (specifically, acylium ions and surface acetyl groups)
in direct C-C bond coupling during DME carbonylation (Fig. 17d).
Within the 8-MR channels, the highly selective formation of
ketene leads to exceptionally stable acylium ions, demonstrating
superior reactivity for catalytic cycles. Conversely, spectroscopic
evidence from FT-IR investigations revealed that ketene presenced
in 12-MR channels promotes unfavorable pathways, including
dimerization and carbonaceous precursor formation, which accel-
erate catalyst deactivation. This work underscores the role of
framework confinement effects on ketene speciation, which dic-
tate either selective C-C coupling or detrimental side reactions,
thereby highlighting the structure-dependent reactivity in zeolite
catalysis. Building upon prior mechanistic studies, Hou et al.**!
have recently expanded the catalytic repertoire of zeolite-mediated
ketene transformations by systematically investigating the conver-
sion of ketene to gasoline-range hydrocarbons within the confined
channels of H-SAPO-11.

4.1.2. Synergistic role of 8-MR and 12-MR. The BAS within
the 8-MR channels of MOR zeolites is recognized as the primary
active sites for DME carbonylation.”®"*> A linear correlation
exists between MA formation rates and the density of BAS in 8-
MR channels by kinetic and spectroscopic probe experiments
(Fig. 18a).”®" Notably, according to quantum chemical calcula-
tions, the T3-033 site within the 8-MR side pocket exhibits
higher activity due to its spatial configuration, which promotes
carbonylation while minimizing side reactions (i.e., MTH reac-
tions) leading to deactivation.>® The unique structure of the 8-
MR channels imposes spatial constraints on reactants and
intermediates, generating a confined environment that
enhances selectivity of MA.?>?> Moreover, the steric constraints
within 8-MR channels influence the spatial distribution of SMS,
further directing the reaction pathway toward MA production
with minimal by-products (i.e., hydrocarbons).>* Advanced
techniques, particularly ssNMR spectroscopy, have confirmed
the role of the 8-MR channel by directly detecting reaction
intermediates and their interactions with acid sites.

Deng et al.”® prepared samples with BAS selectively located
in the 8-MR and 12-MR channels in MOR, respectively. Samples
with BAS in 8-MR channels were prepared via pyridine pre-
adsorption, as pyridine is generally considered to bind only to
BAS in 12-MR. Samples retaining BAS in 12-MR channels were
obtained through Na' ion exchange, owing to the preferential
occupation of Na* in the 8-MR regions. In situ "*C MAS NMR
spectra revealed that the acetyl signal appeared only in the
sample with BAS in the 8-MR region. Bao et al.”® systematically
investigated the roles of the 8-MR channels in H-MOR during
DME carbonylation by in situ continuous-flow *C MAS NMR
spectra. The early appearance of the carbonyl signal in the 8-
MR indicates that carbonylation begins within the 8-MR chan-
nels, confirming their roles as active sites for the carbonylation
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reaction. Recent advancements in synthesis and characteriza-
tion techniques have facilitated deeper investigations into the
quantitative analyses of the reaction kinetics of T-site. Shen
et al®*®® determined the distribution of four T-sites in MOR
zeolites using 1D *>’Al MAS NMR spectra, 2D >’Al 3Q MAS NMR
spectra, and *’Al-*°Si correlation ssSNMR spectra. The MA
formation rate at T3 sites was derived from catalytic evaluations
of DME carbonylation using both a benchmark MOR and a
plate-like MOR zeolite (specifically synthesized via a two-step
crystallization method) containing exclusively T3 site Al atoms.
Comparative catalytic evaluation of two MOR zeolites with
nearly identical framework Si/Al ratios and total BAS quantities,
but substantially different T4 site contents, enabled the deter-
mination of MA formation rates specifically attributable to T4
sites in DME carbonylation. While both the T3 and T4 sites
exhibit carbonylation catalytic activity, the specific activity of T4
is only one-fourth of that of the T3 site.

Additionally, the identification of the rate-determining step
in the reaction mechanism requires explicit attention. Iglesia
et al.*’® determined that CO insertion into SMS to form acetyl
intermediates is the rate-determining step, as the rate of MA
formation depends on CO partial pressure rather than DME
partial pressure. This step is specifically enabled by the unique
confined space of the T3-033 site within the 8-MR channels, as
demonstrated by DFT calculations (Fig. 18b).>*?%*29472%7 Thege
findings reinforce the central role of 8-MR channel in the
catalytic mechanism, which ensures the high activity and
selectivity of H-MOR.

The 12-MR channels in MOR zeolites serve as the primary
diffusion channel for reactants and products, facilitating effi-
cient product desorption. PFG NMR experiments revealed that
blocking the 12-MR channels leads to reducing the effective
diffusion coefficients for molecules like methane and DME.
Additionally, '*°Xe NMR spectroscopy showed that xenon
atoms preferentially adsorb in the 8-MR side pockets at low
pressures but migrate through the 12-MR channels at elevated
temperatures. However, Xe diffusion through the 12-MR chan-
nels was hindered when blocking the 12-MR with pyridine
(Fig. 18c). Further '*°Xe NMR investigation across temperatures
ranging from 213 K to 383 K provided additional evidence that
the guest molecules primarily diffuse through the 12-MR chan-
nel to enter the 8-MR side pockets for the reaction.'®”'®
Subsequent research evaluated the impact of surface diffusion
resistance in 12-MR channels on catalytic performance. MOR
samples exhibiting significant transport resistance display
approximately 50% lower apparent activity and reduced stabi-
lity. However, chemical etching of the outer MOR layer can
mitigate surface barriers, enhance mass transport properties,
and improve both activity and stability.*®

However, the BASs in 12-MR channels of MOR zeolites
significantly contribute to catalyst deactivation, adversely
affecting stability and lifetime. These acid sites can also favor
the formation of hydrocarbons, leading to severe deactivation
by the deposition of carbonaceous residues.***°° Subsequently,
these aromatics may transform into carbon deposits, blocking
the channels of catalysts and diminishing catalytic activity.

This journal is © The Royal Society of Chemistry 2025
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107. Copyright 2016 American Chemical Society. (d) Migration of the acylium ion from the side pocket to the 12-MR channel. Reproduced with
permission from ref. 303. Copyright 2022 Springer Nature.

Theoretical calculations demonstrated that at the T1, T2, and TMO" is significantly lower than that for reaction with CO to
T4 positions in the 12-MR channels of H-MOR, the energy form acetyl groups. The formation of TMO", which is typically
required for the reaction of methoxy group with DME to form an active intermediate in the MTO reaction for initial C-C bond
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formation, is kinetically favorable in the 12-MR channels of H-
MOR, and further leads to the generation of carbon
deposits.**** Therefore, the occurrence of the MTO reaction
and the resulting blockage of the 12-MR channels might be one
of the reasons for deactivation in the DME carbonylation
reaction. Elucidating the structure and evolution of carbon
deposits is crucial for understanding the deactivation process.

Ma et al.**® examined the deactivation behavior of H-MOR
and Cu/H-MOR catalysts in DME carbonylation by thermogra-
vimetric analysis (TGA), >*C NMR spectroscopy, FT-IR, UV-vis
and N, physisorption. Through *C MAS NMR spectroscopy,
they observed an increase in aromatic carbon signal (130 ppm)
and a decrease in alkoxy signal (51 ppm) at different TOS. This
suggested that alkoxy species were converted into stable aro-
matic carbon deposits, leading to blockage of the 12-MR
channels, thereby hindering the transport of reactants and
products. Notably, the BAS in the 8-MR side pockets remained
unaffected, indicating that carbon deposition predominantly
occurred in the 12-MR channels. UV-vis spectra of spent
catalysts exhibit four characteristic bands at 300, 383, 452,
and 550 nm, assignable to coke structures ranging from
double-conjugated bonds (300 nm) and single-ring aromatics
(383 nm) to two-/three-ring systems (452 nm) and highly con-
jugated polyaromatics (550 nm). Further analyses employing
3C MAS NMR spectroscopy, TGA, and FT-IR elucidated the
dynamic evolution of carbon deposits during deactivation.*!
Two types of carbon deposits were identified: soft coke formed
early from DME decomposition and gradually covering acid
sites, and hard coke generated by polymerization and MA
decomposition accompanied by releasing CH, and H,. These
deposits primarily accumulated in the 12-MR channels, leading
to pore blockage and accelerating deactivation. Additionally,
recent studies have identified the formation of cyclic oxyge-
nated species via a significant pathway for the deactivation of
pyridine-modified H-MOR zeolites.’> Excess acetyl species
formed in the 8-MR side pockets convert into ketenes within
the 8-MR and then migrate into the 12-MR to undergo poly-
merization and decarbonylation, forming cyclic oxygenates that
ultimately lead to catalyst deactivation. Liu et al>®” system-
atically investigated the effects of reaction temperature and
pressure on coke formation using in situ FT-IR spectroscopy.
These findings demonstrated that elevated temperatures and
reduced pressures promote the conversion of DME to olefins at
BAS on the zeolite, which subsequently accelerates coke deposi-
tion. This study establishes quantitative correlations between
operating parameters (temperature/pressure) and reaction
pathways in DME carbonylation, providing critical guidance
for process optimization.

In DME carbonylation, the synergistic interplay between the
8-MR and 12-MR rings of H-MOR zeolites is pivotal for optimiz-
ing catalytic performance. The 8-MR channels serve as active
sites, while the 12-MR channels function as diffusion pathways.
Investigations utilizing >*C MAS NMR spectroscopy with *C-
labeled acetyl chloride (CH;'*COCI) have shed light on this
synergy in which 8-MR side pockets and channels serve as
active sites, while the 12-MR channels function as diffusion
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pathways.
reduction of acetyl signals in the 12-MR and an increase in
acylium ion signals in the 8-MR side pockets. This observation
suggested that acylium ions stabilize in the 8-MR side pockets
before migrating to the 12-MR channels, where they undergo
C-O bond coupling with DME or methanol to produce MA.
Additional studies employing AIMD simulations and 2D COS
(correlation spectroscopy) FT-IR further validated that the 8-MR
channels are for the stabilization of acylium ions via C-C bond
coupling between SMS and CO.>** Conversely, the 12-MR
channels facilitated C-O bond coupling between the carbonyl
group of the newly decoupled acetyl moiety and MeOH oxygen,
completing MA formation (Fig. 18d). Furthermore, MD simula-
tions and DFT calculations confirmed that CO preferentially
adsorbs in the 8-MR side pockets in H-MOR, promoting the
activity of the carbonylation reaction inside MOR zeolites.>**
The 12-MR channels, however, enabled efficient transport and
reduced product accumulation, thereby enhancing catalytic
efficiency and stability. Comparative studies with other zeo-
lites, such as FER, GON, and ATS zeolites, have demonstrated
that the 8-MR of H-MOR enhances CO adsorption, while the 12-
MR channels promote rapid diffusion. Zheng et al®® have
recently provided a comprehensive mechanistic insight into
DME carbonylation based on multiscale simulations and in(ex)
situ spectroscopies. They identified three key points: (1) DME is
more favorable than methanol for forming SMS, as detailed in
Section 4.1.1, (2) the side pocket and 8-MR channel lower the
barrier for C-C coupling and stabilize the acylium ion, while 12-
MR BAS facilitate ketene formation, (3) the stabilized acylium
ion in 8-MR acts as a more active intermediate than surface
acetate and migrates via the 12-MR channel assisted by DME or
MeOH. By utilizing diffusion and reaction free-energy surfaces
obtained from AIMD simulations, they developed a unified
reaction/diffusion model, showing distinct roles for MOR
channels: SMS formation and C-C coupling occurs in 8-MR,
while MA formation proceeds mainly in 12-MR. These insights
into the roles of 8-MR and 12-MR provide crucial guidance for
catalyst synthesis design and industrial development. We will
discuss three aspects:

(1) The T3 sites within the 8-MR channels have been
identified as primary active centers for DME carbonylation.
Catalysts with a higher proportion of T3 sites exhibit improved
activity. For instance, increasing the proportion of T3 sites in
plate-like MOR zeolites has led to a 60% enhancement in
catalytic performance compared to the benchmark MOR.
Additionally, the identification of CO insertion into SMS as
the rate-determining step highlights the importance of
maintaining high CO pressures to enhance efficiency or using
metal ion modification with Cu, Zn, and other metals to
promote CO activation.***'* Industrial processes often
employ high-pressure conditions to favor CO insertion,
improve reactant adsorption, and shift the reaction equilibrium
toward product formation. This optimization enhances reac-
tion kinetics and minimizes side reactions. Fixed-bed reactors,
due to their compact structure, simple design, and superior
control over reaction conditions, are preferred in industrial
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settings, as they ensure catalyst stability while minimizing
catalyst loss.

(2) While the 12-MR channel not only serves as a diffusion
channel but also facilitates side reactions, optimizing the
catalyst size can improve the mass transfer efficiency.*"
Many researchers have explored modifications to MOR
zeolites, focusing primarily on two approaches: introducing
mesopores or creating hierarchical porosity’’® and controlling
the synthesis of nanoscale MOR =zeolites and nanosheet
assemblies.’'®>"? Additionally, identifying key coke precursors
and their transformation pathways enables the development of
strategies to suppress coke formation, thereby extending the
catalyst lifetime and maintaining high catalytic activity under
industrial conditions. The MTO reaction, as a contributing
factor to catalyst deactivation in DME carbonylation, highlights
the necessity of minimizing its occurrence in industrial appli-
cations. Since the MTO reaction typically occurs at higher
temperatures and lower pressures, while DME carbonylation
occurs at lower temperatures and higher pressure, the indus-
trial DME carbonylation process is conducted under relatively
low-temperature conditions to reduce side reactions.

(3) The current work suggests that the DME carbonylation
reaction relies on the synergistic roles of the 8-MR and 12-MR
structures. However, further in-depth studies are needed to
confirm this relationship and provide valuable insights for the
development of other zeolite structures, such as FER and SSZ-
13.%297%% gystematic exploration of the molecular-level coop-
eration between the 8-MR and 12-MR structures can guide the
rational design of MOR catalysts, ultimately improving their
stability and efficiency.

4.2. Distinction of T sites in MOR zeolites by using ssSNMR
techniques

The silicate framework of MOR zeolites is constructed from
interconnected 4-MR and 5-MR, forming a 12-MR main chan-
nel along the c-axis that interconnects with 8-MR side pockets
along the b-axis. Within the unit cell, four non-equivalent T
sites exist: T1 is located in the 12-MR main channel, T2 and T4
are distributed at the interface between 12-MR and 8-MR
regions, and T3 resides within the 8-MR side pockets.** In
DME carbonylation, the MOR exhibits significantly superior
activity and selectivity to other zeolites (e.g., FER).>”® Theore-
tical calculations by Corma et al.>* have demonstrated that the
T3-033 site exhibits higher selectivity than that of the T3-031
site. This enhanced selectivity is attributed to the unique
spatial orientation of methoxy groups at the T3-033 position,
which align parallel to the cylinder axis of the 8-MR channel,
thereby facilitating more efficient CO insertion. These findings
revealed the importance of precise aluminum siting within the
MOR zeolite framework, as the presence of BAS in different
channels and specific T-sites can significantly influence the
catalytic performance of DME carbonylation. Therefore, devel-
oping advanced characterization methods to accurately identify
the intrinsic acidity and acidic sites in different channels and T-
sites is essential for optimizing the catalytic activity in MOR
zeolites.
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"H ssNMR spectroscopies have been applied to elucidate the
differences in the acidic sites of the 8-MR and 12-MR channels
in MOR zeolites, especially in combination with deuterated
probe molecules, e.g., pyridine (C;NDs) and acetonitrile
(CD;CN). For BASs in H-MOR zeolites, conventional '"H ssSNMR
methods yield an undistinguishable signal at 4.0 ppm for both
the 8-MR and 12-MR channels. The method of combining
ssNMR spectroscopy with probe molecules used by Yi and
Zheng et al."®"**7**® has been proven to be effective in resol-
ving acidic characteristics such as type, intensity, distribution,
and concentration. Pyridine, with a kinetic diameter of 5.4 A,
selectively accesses 12-MR channels while being excluded from
8-MR pores, making it a valuable probe for quantifying BAS in
these distinct environments. After adsorbing CsDsN onto pre-
dehydrated H-MOR using liquid N, freezing, the sample was
heated to 473 K at the rate of 5 K min~* and then evaluated for
10 min to remove excess physical adsorbed C;DsN. Subsequent
'H MAS NMR spectra revealed that BAS signals in the 8-MR
appeared in the high-field region (lower chemical shift,
4.2 ppm), whereas the signals arising from the interaction of
C5DsN with BAS in the 12-MR were observed in the low-field
region (higher chemical shift, 15 ppm).”®”® Likewise, CD;CN
has been extensively employed to the acidity characterizations
of MOR zeolite channels with unprecedented resolution of
acidic properties in different pores.’*® The 10.5 ppm signal
corresponded to the binding of BAS with CD;CN in the 12-MR
channels, while the 12.2 ppm signal was attributed to the
binding of BAS with acetonitrile in the 8-MR side pockets
(Fig. 19a). The stronger spatial confinement in the 8-MR
enhances the strength of hydrogen bond between CD;CN and
BAS, resulting in a higher chemical shift. Furthermore, they
performed 2D "H-'"H homonuclear DQ and SQ correlation NMR
experiments to map the spatial networks for Brensted acid
pairs (BAPs) in different pore channels of the H-MOR zeolite,
following adsorption of CD;CN probe molecules. These find-
ings highlight the utility of CD;CN as a reliable and practical
probe for differentiating BAS distribution and strength
across distinct zeolite regions, which offers advantages over
traditional methods due to its unique and unprecedented
spectroscopic resolution and sensitivity, particularly in con-
junction with advanced 2D homo-/heteronuclear correlation
spectroscopy.

In MOR zeolites, aluminum atoms can occupy different T
sites within the framework, leading to variations in acidity and
catalytic behavior. Therefore, understanding and further con-
trolling the location of framework Al are of critical importance.
*”A1 MQMAS NMR spectroscopy enables to probe the spatial
distribution of Al atoms in MOR zeolites.>*® This two-
dimensional technique differentiates Al localization at distinct
T sites in zeolites, with the F2 dimension capturing anisotropic
chemical shifts and the F1 dimension representing isotropic
shifts, thereby eliminating quadrupolar effects. However, its
application to MOR zeolite is challenging due to the overlap-
ping chemical shifts of Al at its four T sites, often yielding a
single broad signal in >’Al MAS NMR spectroscopy. In this
work, MOR zeolites were treated via post-SiCl, treatment under
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Copyright 2012 American Chemical Society.

low-pressure conditions, enabling directional relocation of
framework Al to T3 sites. By systematically varying the treat-
ment temperature, a series of MOR samples with distinct Al
distributions across T sites were synthesized. Comparative
analysis of these samples resolved the >’Al NMR signals corres-
ponding to T3 (56.2 ppm), T4 (57.3 ppm), T1 (58.4 ppm), and T2
(60.3 ppm) sites.

In addition, sodium ions (Na') serve as probes for identify-
ing the locations of framework Al atoms due to their electro-
static interactions. Researchers systematically prepared a series
of xNa/(100 — x) NH,-MOR samples (x = 28, 39, 51, 75) through
ion exchange of NH;-MOR with sodium nitrate solutions of
varying concentrations.” These precursors were subsequently
deammoniated to yield xNa/(100 — x) H-MOR. High magnetic
field >Na MAS NMR and *’Na-*’Al D-HMQC spectroscopy
successfully resolved distinct Na" signals corresponding to site-
specific coordination environments within the xNa/(100 — x)

6682 | Chem. Soc. Rev, 2025, 54, 6652-6696

H-MOR framework. *Na MAS NMR spectra identified three
distinct Na' signals, corresponding to the Na VI site located in
the 12-MR channels, the Na IV site in the 8-MR side pockets, and
the Na I site in the 8-MR channels. **Na-?’Al D-HMQC NMR
spectra further established spatial correlations between Na* and
adjacent aluminum atoms: Na VI with T1 and T2, Na IV with T4,
and Na I with T3, as illustrated in Fig. 19b.

MOR zeolites contain 10 framework oxygen sites (01-010).
Martucci et al.®>*" investigated deuterated mordenite via neu-
tron diffraction under the assumption of equal protonation
probabilities across oxygen sites, identifying four distinct BASs:
one at 06 (8-MR side pocket entrance), one at 09 (8-MR
channel center), and two at 05/010 (protruding into the 12-
MR main channel). Subsequently, Huo et al.*** established a
multimodal NMR strategy combining "H/*’O double-resonance
experiments with variable CP contact times and '’O MQMAS
spectroscopy (Fig. 19¢). This approach systematically resolved
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three types of BASs in H-MOR by correlating 'H chemical
environments with 'O NMR parameters, ultimately linking
site-specific acidity to structural descriptors through quantita-
tive analysis of T-O-T bond angles derived from the 'O
MQMAS spectra.

The different structures required for MTO and DME carbo-
nylation reactions are attributed to their differing reaction
mechanisms and operating conditions. MTO processes occur
at elevated temperatures (673-773 K), where the zeolite’s pore
size and shape selectivity significantly influence the formation
of a diverse array of olefins and aromatics. In contrast, DME
carbonylation operates at lower temperatures (423-573 K) and
achieves high selectivity (>99%) for MA through the activation
of SMS. This selectivity is closely linked to the specific arrange-
ment of BAS within the 8-MR channels in MOR zeolites, which
facilitate Koch-carbonylation pathways. To enhance MA selec-
tivity, strategies like directional move of Al from 12-MR to 8-MR
channels through selective extraction of undesired framework
Alin 12-MR have been employed to optimize BAS density within
the 8-MR channels. Selective enrichment of BAS in 8-MR
channels has been shown to significantly increase catalytic
activity, while minimizing undesired reactions in the 12-MR
channels. Post-synthesis treatments that reduce framework
defects also contribute to improved performance by mitigating
coke formation and enhancing catalyst stability.

Advancements in high-resolution characterization techni-
ques such as NMR probe molecule techniques, *’Al MQMAS
NMR spectroscopy, **Na MAS NMR spectroscopy and 'O
MQMAS spectroscopy are crucial for establishing quantitative
correlations between the BAS activity and the zeolite structure
at the atomic scale. Combining these characterization methods
with targeted synthesis and modification strategies enables
mapping of aluminum distribution and BAS locations, provid-
ing deeper insights into structure-activity relationships.

4.3. Effect of water in DME carbonylation reactions

Using methanol as the feedstock for carbonylation over H-MOR
zeolites resulted in significant DME formation, with product
selectivity of 65.4% for acetic acid and 30.8% for MA (the
DME yield was separated from the yield of the other
compounds).>’>?*%° This contrasts sharply with the 99% MA
selectivity observed when DME is used as the feedstock. The
lower MA selectivity with methanol arises because water
released during methoxy group formation competitively
adsorbs at CO-binding sites and/or causes parallel methanol
dehydration reactions.?’”® Furthermore, even when DME is
employed as the feedstock, methanol generated during meth-
oxy group formation can undergo subsequent reactions at BAS,
still producing trace amounts of water.*** Therefore, investigat-
ing the impact of water on DME carbonylation remains essen-
tial. Moreover, since the zeolite catalyst used is MOR, which has
a low Si/Al ratio, its hydrothermal stability during industrial
catalyst preparation is a critical consideration.

4.3.1. Effect of water on MOR. The presence of water
significantly influences the structural and acidic properties of
MOR zeolites, thereby affecting the catalytic performance in
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DME carbonylation. Water induces reversible changes in the
coordination state of aluminum within the MOR framework.
Van Bokhoven et al.*®? systematically investigated the structural
evolution of aluminum species in H-MOR zeolites and the
correlation with acid regulation, providing a detailed interpre-
tation of the structure and coordination of Lewis acidic Al
sites.'®® They established the reversible transformation mecha-
nism between Al(vi) and Al(w) in the zeolite framework. Under
high-temperature calcination or humid conditions, some tetra-
hedral Al(w) species hydrolysed and interacted with water or
hydroxyl groups, converting into penta- and octahedrally coor-
dinated aluminum species (Al(vi)). This conversion can be
demonstrated by >’Al MAS NMR and *’Al MQMAS NMR spectra.
Specifically, increasing the calcination temperature of MOR
zeolites enhanced the signal intensity of octahedrally coordi-
nated aluminum (0 ppm) in >’Al MAS NMR spectra. Concur-
rently, variations observed in the >’Al MQMAS NMR spectra of
the sample series further confirmed the aluminum coordina-
tion changes. Unlike the traditionally assumed irreversible
formation of EFAL species, these Lewis-acidic Al(vi) species
remain chemically bonded within the zeolite framework. To
confirm this reversible behavior, ammonium exchange and
rehydration experiments were conducted, indicating that
Al(vi) species reverted to tetrahedral Al(v) upon hydration,
thereby regenerating BASs (Fig. 20a). This reversibility was
confirmed by *’Al MAS NMR spectra: as hydration progressed,
the Al(vi) signal at 0 ppm diminished and eventually vanished,
while the Al(v) signal at 56 ppm restored. These findings
demonstrate the dynamic equilibrium between LAS and BAS,
challenging the conventional view of irreversible EFAL
formation.*** Subsequent studies have revealed that cations,
such as Na', play a crucial role in stabilizing framework
aluminum species by reducing their affinity for water
molecules.*®> Additionally, cation exchange can regulate the
acidity of H-MOR zeolites, making it one of the key modifica-
tion strategies.

High-temperature selective dealumination effectively regu-
lates acidity in MOR zeolites, optimizing acid site distribution,
suppressing side reactions, and enhancing catalytic
performance.**® Under high-temperature steam treatment, fra-
mework Al species in the 12-MR channels is selectively
removed, whereas those in the 8-MR channels remain largely
intact. It was evidenced by three key spectroscopic observa-
tions: (1) the Si/Al ratio determined from *°Si MAS NMR spectra
increases from 8.5 to 15.5, (2) *’Al MAS NMR spectra show
reduced relative intensities of framework-coordinated Al
(54 ppm) and octahedrally coordinated extra-framework Al
(0 ppm), and (3) "H MAS NMR spectra reveal decreased BAS
concentration quantified through the 3.8 ppm signal. This
treatment decreases both the number and strength of BASs in
the 12-MR channels while preserving stable acid sites in the
8-MR channels. Selective removal of acid sites from the 12-MR
channels while preserving those in the 8-MR channels opti-
mizes acid site distribution in MOR zeolites, enhancing their
suitability for target reactions such as DME carbonylation. The
suppression of side reactions improves reaction selectivity and
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Society of Chemistry.

enhances target product yield. Furthermore, selective dealumi-
nation markedly enhances catalyst stability.

4.3.2. Influence of water on the DME carbonylation reac-
tion pathway. The influence of water on DME carbonylation is a
crucial factor in industrial process design. Experimental stu-
dies indicated that introducing water into the DME and CO
mixture significantly reduces the MA formation rate.”®> The
observed water inhibition mechanism cannot be attributed to
either H,O-DME competitive adsorption at BAS or the displa-
cement of DME-derived intermediates, given the persistent
zero-order kinetics with respect to DME pressure under
hydrous conditions. Rather, H,O selectively competes with
CO for adsorption at LAS.>’”° Under steady-state conditions,
both methanol and DME form similar SMS on BAS; however,
methanol exhibits significantly lower carbonylation activity.
Theoretical calculations indicate that the activation energy for
the reaction of water with SMS (<80 kJ mol™') is lower than
that for CO insertion (>100 kJ mol™" at the T3-033 site).*
Additionally, water molecules tend to form clusters (Fig. 20b)
that obstruct the 8-MR side pockets of MOR zeolites, thereby
inhibiting DME carbonylation at low temperatures.>****” Liu
et al>*® demonstrated that water vapor addition rapidly
decreases both the DME conversion rate and MA selectivity
while slightly increasing methanol and acetic acid selectivity.
Interestingly, these parameters revert to their original levels
upon cessation of water vapor, as shown in Fig. 20c. These
observations suggest that water suppresses the formation of

6684 | Chem. Soc. Rev,, 2025, 54, 6652-6696

acetyl intermediates, thereby lowering both reaction rates and
selectivity. Consequently, industrial DME carbonylation pro-
cesses typically incorporate drying units to remove water from
the feedstock and mitigate its adverse effects. Although the
inhibitory effect of water on the reaction rate is widely accepted,
the mechanism of water in DME carbonylation needs more
atomic-level studies.

In summary, water exerts two major effects on the DME
carbonylation reaction. First, water alters the aluminum spe-
cies in the zeolite framework, leading to dealumination. More-
over, water suppresses the formation of acetyl intermediates,
thereby reducing both the reaction rate and selectivity. There-
fore, a key research focus is to prevent dealumination during
the preparation of H-MOR zeolites or selectively remove alumi-
num species in 12-MR. Additionally, minimizing the water
content of reactants and ensuring the rapid removal of water
produced in the process may provide a promising strategy. This
could potentially be achieved through the use of membrane
reactors or hydrophobic materials.**°

4.4. Modification of MOR zeolites in DME carbonylation

Previous mechanistic investigations have demonstrated that
DME carbonylation over H-MOR zeolites achieves high
conversion and selectivity. It suffers from rapid deactiv-
ation due to poor stability—a key limitation hindering its
industrial application.”® This instability primarily originates
from carbon deposition within the 12-MR channels, where coke
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formation from DME induces swift activity loss and complete
catalyst deactivation within brief operational periods.*’ To
address these challenges, various strategies have been devel-
oped, including synthesis optimization,**°*! acidity modul-
ation,*3%336:3527358  glkaline molecular modification,?%%3%%

305-313 3167319 and new

metal modification, pore engineering,
zeolite exploration.>”**> Notably, metal modification, pore
engineering, and the exploration of new zeolites have been
discussed in Section 4.1 and will not be reiterated here. The
remaining modification strategies primarily function through
directed regulation of aluminum distribution and selective
elimination or poisoning of BAS within the 12-MR pores of H-
MOR. SsNMR spectroscopy has proven to be a powerful tool in
characterizing these modifications. Techniques like "H MAS
NMR can quantify BAS density, while *’Al and *°Si MAS NMR
can assess dealumination and Si/Al ratios, respectively. The use
of probe molecules, such as pyridine and CD;CN, in conjunc-
tion with ssSNMR, allows for the differentiation of BAS in the 8-
MR and 12-MR channels, providing insights into their spatial
distribution and interactions. This detailed characterization is
essential for understanding the structure-activity relationship
in zeolite catalysts and for guiding the development of more
efficient and stable catalysts for industrial applications.

4.4.1. Directed regulation of aluminum distribution.
During MOR synthesis, controlling the hydrothermal syn-
thesis time,*®' aluminum concentration in the precursor
solution,***?>° synthesis conditions,>***® and the type of
structure directing agents (SDAs)**°*** enables the precise
regulation of aluminum distribution in MOR. Among these
methods, the introduction of SDAs during hydrothermal synth-
esis represents an effective strategy for controlling aluminum
distribution.’*® The tunable size and structure of SDAs enable
precise localization within zeolite channels, thereby regulating
host-guest interactions and ultimately governing Al siting. For
instance, tetraethylammonium hydroxide (TEAOH) employed
in an amine vapor-assisted dry-gel conversion method directed
75% of framework Al into 8-MR pores.*** This is evidenced by
"H MAS NMR spectra of pyridine adsorption on MOR samples
before and after TEAOH addition: the BAS concentration in 8-
MR side pockets increased from 0.39 to 0.76 mmol g~ ', while
the BAS concentration in 12-MR channels decreased from 0.39
to 0.26 mmol g '. These targeted Al distributions directly
correlate with catalytic performance—enrichment of Al in 8-
MR pores significantly enhances the conversion of DME and
the selectivity of MA during DME carbonylation.

Additionally, post treatments can be applied to adjust alu-
minum distribution in MOR. High-temperature dealumination
is a method that has already been discussed in Section
4.3.1.%%°%8 Acid treatment is a common post treatment method
for removing framework aluminum; however, it also extracts Al
from T3 sites, thereby enhancing selectivity at the expense of
reduced conversion rates.*>***” Liu et al.*** proposed a strategy
to preferentially relocate framework Al atoms into desired T3
sites in MOR via low-pressure SiCl, treatment (LPST). Due to
molecular size constraints, SiCl, selectively accesses the 12-MR
channels, replacing framework Al with Si and extracting AlCI;.

This journal is © The Royal Society of Chemistry 2025
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Fig. 21 Using ssNMR techniques to elucidate the mechanism of LPST. (a)
Schematic of the LPST mechanism. (b) Al MQ MAS NMR spectrum of the
MOR-873 K sample at 18.8 T, and the slices extracted from F1 dimension.
Reproduced with permission from ref. 330. Copyright 2022 John Wiley
and Sons.

The AICI; migrates into 8-MR channels and reacts with silanol
defects at T sites, enabling Al reinsertion into the framework
(Fig. 21a). These conclusions were confirmed by >’Al MAS and
MQMAS NMR spectra. Comparative analysis of >’Al MAS NMR
spectra from samples treated at varying LPST temperatures
reveals similar peak shapes but a distinct upfield shift of
tetrahedral Al signals in treated samples, indicating altered Al
distribution across T sites. High-field (18.8 T) MQMAS spectra
resolve multiple chemical shifts corresponding to distinct Al
environments. The 45-65 ppm region in the *’Al MAS NMR
spectra of all MOR samples deconvolutes into four components
at 56.2, 57.3, 58.4, and 60.3 ppm, assigned to Al occupancy at
MOR’s four non-equivalent T sites (Fig. 21b). Quantitative
fitting of >’Al MAS NMR spectra across samples reveals the Al
distribution in each T site, demonstrating the tunability of
aluminum siting within the zeolite framework.

4.4.2. Elimination/poisoning of BAS within the 12-MR.
Based on the functions of acid sites in different pores of H-
MOR during DME carbonylation, several strategies have been
proposed to eliminate or poison the acid sites in the 12-MR
pores. Pyridine, with a molecular size of approximately 5 A, has
attracted considerable attention due to its optimal size and
basicity, demonstrating exceptional efficacy in enhancing
catalyst performance. Shen et al.>®* mitigated the rapid deacti-
vation of H-MOR zeolite catalysts in DME carbonylation
through pre-adsorbing pyridine. This treatment selectively pas-
sivated BAS in the 12-MR channels to suppress coke formation
and preserved the active sites in the 8-MR channels. Under
optimized conditions (473 K), pyridine-modified H-MOR exhib-
ited >99% MA selectivity and remained stable for 48 hours
(Fig. 22a). Li et al*® investigated the effects of pyridine
adsorption duration and desorption temperature on BAS peak
intensities in MOR using in situ DRIFTS and 'H MAS NMR

Chem. Soc. Rev., 2025, 54, 6652-6696 | 6685


https://doi.org/10.1039/d5cs00341e

Published on 13 June 2025. Downloaded by Dalian Institute of Chemical Physics, CAS on 12/1/2025 1:15:31 AM.

Chem Soc Rev

spectroscopy. Catalytic performance evaluations further con-
firmed that these treatment conditions influenced the activity
of pyridine-modified H-MOR. DFT calculations revealed that
this modulation arises from proton interactions between pyr-
idine and O2 sites (located at the shared wall of the 12-MR main
channel and 8-MR side pocket), which selectively alter BAS
accessibility and reactivity. In subsequent studies, researchers
observed through FT-IR spectra that the bands associated with
Bronsted hydroxyls are completely eroded upon pyridine
adsorption at room temperature, demonstrating that pyridine
molecules not only selectively adsorb within the 12-MR chan-
nels but may also penetrate into the 8-MR side pockets. They
hypothesized that this phenomenon likely arises from defect
sites in the MOR framework, which enlarge the effective pore
window size of the side pockets.**® Recent work by Liu et al.***
demonstrates that pyridine adsorption effectively converts octa-
hedral Al species into tetrahedral coordination, enhancing
catalytic performance by increasing the reactive framework Al
content. Comparative >’Al MAS NMR of MOR samples before/
after pyridine pre-adsorption shows the disappearance of the 0
ppm octahedral Al signal without altering Si/Al ratios, confirm-
ing pyridine-induced framework Al reversion (Fig. 22b). *°Si
MAS NMR analysis of H-MOR reveals a 12% signal loss at
—106 ppm (Si(1Al)(0Si);) in NH,-MOR, which is fully restored
post-pyridine treatment, verifying framework Al recovery.

@ 4
<30t
= Py-HMOR-6
@0l
2 HMOR-6
= 10 |
>< L
0 1 1 1 I
100
= Py-HMOR-6
= 80k
< HMOR-6
<
% 60}
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Tetrahedral framework Al — HMOR-550C
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Fig. 22 Effects of pyridine modification on MOR. (a) Conversion of DME
and selectivity for MA during DME carbonylation over HMOR-6 and Py-
HMOR-6 catalysts. Reaction conditions: 473 K, 5% DME-50% CO-2.5% N-
42.5% He, 1250 ml (g h)~%, 1.0 MPa. Reproduced with permission from ref.
282. Copyright 2010 Elsevier. (b) Conversion of extra-framework alumi-
num into framework aluminum. Reproduced with permission from ref.
361. Copyright 2022 John Wiley and Sons.
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Pyridine pre-adsorption substantially enhanced catalytic per-
formance, increasing the DME conversion rate by a factor of
four and prolonging the catalyst lifetime to 120 hours.

Pyridine-MOR can effectively suppress hard coke formation
and mitigate catalyst deactivation. However, as the reaction
proceeds, the adsorbed pyridine gradually desorbs, failing to
persistently shield BAS in the 12-MR channels, leading to
continued deactivation.>*® Consequently, researchers have
explored alternative reagents to eliminate/poison BAS within
the 12-MR. Liu et al.**® utilized tetramethylammonium chloride
(TMACI) to selectively exchange counterions in different MOR
channels, effectively reducing hydrocarbon formation and hard
coke deposition. This strategy enabled stable catalyst operation
for 210 hours while maintaining high MA selectivity. Due to
steric hindrance, TMA" ions exclusively access the 12-MR
channels, where counterion exchange reduces BAS density in
these pores. FT-IR analysis with pyridine probing confirmed
inability of TMA" to access 8-MR counterions: H-MOR exhibited
dual Brensted acid bands (3608 cm ™' in 12-MR, 3589 cm ™" in 8-
MR), where pyridine eliminated the 3608 cm ' peak but
retained 3589 cm ™. A facile approach was proposed to purpo-
sefully tailor acid site distribution via selective silylation using
trimethylchlorosilane (TMCS), which selectively covers most
undesired Brgnsted acid sites in 12-MR channels, leaving
approximately 80% of the remaining acid sites in the 8-MR
environments of MOR zeolites.>*> ?°Si CP NMR spectra of
TMCS-treated MOR samples revealed significant reductions in
the intensities of Q* (Si(OH)(0Si);) and Q® (Si(OH),(0Si),)
resonance signals, indicating silanol group bonding with TMCS
during silylation. Owing to molecular size constraints (TMCS:
6.9 A), TMCS exclusively accesses 12-MR channels, where its
chloro groups hydrolyze to replace Brgnsted H' atoms.

The application of advanced ssNMR spectroscopy has
significantly enhanced our understanding of the locations of
distinct acid sites and aluminum distribution within MOR
zeolites, which is crucial for optimizing their catalytic perfor-
mance in DME carbonylation. However, challenges persist in
the precise regulation of aluminum distribution to enhance the
density of BAS in the 8-MR channels while minimizing acidity
in the 12-MR channels. Traditional post-synthesis modification
methods such as selective dealumination using acidic or basic
treatments have been employed to reduce 12-MR acidity. How-
ever, these approaches often struggle to fully remove aluminum
sites from the 12-MR channels without affecting the 8-MR sites.
Moreover, the elimination or poisoning of BAS in the 12-MR
channels can negatively affect their role as diffusion pathways,
potentially hindering overall catalytic performance. A viable
strategy to overcome the limitations is identifying suitable
SDAs that inhibit the formation of Al sites in 12-MR channels
while maximizing the Al population in 8-MR channels. In
addition, the synergistic effect of combining multiple modifica-
tion strategies may provide a better solution to achieve this
goal. Additionally, combining theoretical calculations with
ssNMR spectroscopy is proving to be a powerful tool for
predicting and verifying aluminum distributions within
zeolites,****** providing a more comprehensive understanding
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of the factors governing aluminum location, facilitating the
design of more effective MOR catalysts.

5. Conclusion and perspectives

Over the past decade, zeolite-catalyzed methanol conversion
processes have garnered significant attention as alternatives to
traditional fossil feedstocks for olefin and ethanol production.
Technological advancements have led to the successful opera-
tion of several industrial plants, demonstrating the commercial
viability of MTO and MTE technology. Concurrently, the indus-
trialization of these processes has spurred continuous progress
in fundamental research. In this review, we presented a critical
analysis of the relationship between foundational studies and
industrial applications in zeolite-catalyzed methanol conver-
sion, with a focus on MTO and DME carbonylation.

Advanced ssNMR spectroscopies have provided profound
information into reaction mechanisms and catalyst structure—
activity relationships, thereby bridging the gap between funda-
mental and applied research. In the MTO reaction, in situ
ssNMR plays a critical role in the analysis of reactant adsorp-
tion, intermediate identification, and monitoring of dynamic
reaction processes under reaction conditions. Notably, during
the induction period, in situ spectroscopic evidence of the
initial C-C bond formation represents a breakthrough of the
past decade. Additionally, it was discovered that formaldehyde,
produced during the induction phase through LAS-mediated
reactions, facilitates the formation of the initial C-C bond.
However, formaldehyde also accelerates the deactivation of the
catalyst; therefore, industrial feedstocks should avoid contain-
ing formaldehyde impurities. In the high-efficiency stage,
active HCP species observed by ssNMR contribute to the con-
struction of a complex reaction network that governs product
selectivity. These mechanistic achievements have been
reflected in industrial practice. For example, a pre-coking
strategy involving the pre-filling of CHA cages with specific
PAHs has been employed to shorten induction periods and
improve alkene selectivity. Additionally, ssSNMR spectroscopy
has provided detailed insights into the structural evolution of
catalysts and the critical intermolecular interactions that are
essential for optimizing catalyst regeneration processes. In
parallel, the utilization of ssSNMR spectroscopy, particularly
2D ssNMR spectroscopy, has enabled precise characterization
of BAS distributions, framework aluminum locations, and the
dynamic behavior of active sites of MOR zeolites in DME
carbonylation. The synergistic roles of 8-MR and 12-MR chan-
nels in MOR zeolites underpin the successful industrial appli-
cation. Based on these comprehensive understandings,
pyridine pre-adsorption effectively preserves active BASs in
the 8-MR channels while shielding deactivating sites in the
12-MR channels, demonstrating high selectivity for MA and
enhanced stability in DME carbonylation. These approaches
underscore the importance of mechanistic studies in driving
innovations in catalyst design and process optimization, ulti-
mately leading to more efficient industrial applications in
methanol conversion.
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The MTO and DME carbonylation processes are intercon-
nected reactions within C1 chemistry, both involving the trans-
formation of simple carbon compounds into valuable
hydrocarbons. A key mechanistic link between these processes
is the formation of C-C bonds, which is crucial for hydrocarbon
production. In DME carbonylation, CO inserts into the C-O
bond of SMS, leading to acetyl intermediates. This step signifi-
cantly influences reaction pathways and product selectivity.
Understanding this mechanism has also provided insights into
the initial C-C bond formation in the MTO process, enriching
comprehension of methanol conversion mechanisms. An in-
depth study on the MTO reaction might act as a basis for more
comprehensive investigation of DME carbonylation process.
The unique structures of zeolite catalysts play a pivotal role in
these processes by affecting the adsorption, activation, and
reaction pathways of methanol and its derivatives. Interactions
between the zeolite framework and intermediates, products, or
H,0 significantly alter the local microenvironment of the
catalyst, thereby regulating reaction pathways and catalytic
cycles. The comprehensive understandings on mechanism
of methanol conversion can offer guidance for other
methanol-involved catalytic processes, such as conversion of
syngas or CO, to methanol followed by the MTO reaction to
produce sustainable chemicals using a bifunctional catalytic
system.365‘37°

Despite these advancements, correlating in situ character-
ization of active sites with the atomic-level mechanisms
remains a significant challenge due to the dynamic evolving
nature of active sites and intermediate species during catalytic
reactions. Addressing this challenge necessitates the advance-
ment of in situ techniques capable of modulating operating
conditions, particularly under high-temperature, high-
pressure, and continuous-flow environments. Furthermore,
the mechanisms through which zeolite structure and acidity
govern methanol conversion and product selectivity remain a
key area of investigation. Elucidating these molecular mechan-
isms is pivotal for designing high-performance catalysts to
enhance the catalytic efficiency, advancing industrial applica-
tions, and enriching the catalytic theory in the field of zeolites.
Future research should focus on coupling reaction networks
with diffusion processes and developing ssSNMR techniques
with enhanced spatiotemporal resolution to monitor dynamic
changes of active sites during reactions. Combining ssNMR
with other operando techniques and molecular dynamic simu-
lations such as neutron scattering®”* and synchrotron radiation
technique®”? is expected to simultaneously study the diffusion
mechanism and reaction mechanism in catalytic reactions.
Notably, machine learning integration could revolutionize con-
ventional spectroscopic analysis,’”*”” enabling refinement of
mechanistic models and optimization of industrial zeolite-
catalyzed processes.

The critical challenge in bridging fundamental studies with
industrial MTO/DMTO technologies resides in validating the
relevance of laboratory-observed phenomena to industrial reac-
tor environments. Currently, it remains difficult to replicate
industrial-scale conditions during in situ NMR or other
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operando techniques (particularly high-temperature conditions
in fluidized-bed reactors). Advancing high-resolution in situ
methods that can operate under such demanding conditions
is both essential and technically challenging. Given the com-
plexity and dynamic nature of MTO reactions, several key issues
remain unresolved. These include elucidating the critical role
of water (an unavoidable component in MTO systems), devel-
oping comprehensive reaction-diffusion network models, and
optimizing regeneration strategies to effectively regulate cata-
lytic cycles. We hope that future advancements in characteriza-
tion technology will help address these challenges. In
conclusion, fundamental research provides theoretical refer-
ences for industrial processes, while practical applications
drive the innovation of fundamental research. Fundamental
research needs to consult the results of industrial applications
to continuously optimize the theoretical system developed in
laboratories, thereby promoting technological progress and
industrial upgrading.
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