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ABSTRACT: The methanol-to-aromatics (MTA) process is regarded as a promising route to
produce aromatic commodities through non-petroleum carbon resources, such as biomass,
waste, coal, natural gas, and CO2. In contrast with the industrially implemented methanol-to-
olefin (MTO) process, most MTA studies are still in the laboratory-scale stage. Recently, a few
demonstration plants of MTA have been successfully launched, indicating the importance and
the gradual industrial maturity of this technology. However, there are still many fundamental
questions and technological challenges that must be addressed. In this Review, we summarize
the recent advances in mechanistic understanding on the reaction and catalyst deactivation
during MTA, elaborate the available strategies to improve the catalytic performance, and
correlate MTA studies with other important catalytic aromatization processes. With this
knowledge in hand, we share our views on future research directions in this field.
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■ INTRODUCTION

Aromatics, especially benzene, toluene, and xylene (BTX), are
important chemical commodities for the production of
polymers, dyes, perfumery, medicines, explosives, surfactants,
and synthetic rubbers. For instance, benzene is mainly
consumed for manufacturing polystyrene (PS) via ethyl-
benzene, and xylenes are mostly produced for making
polyethylene terephthalate (PET) via terephthalic acid.1 The
conversion of toluene by catalytic transalkylation adds to the
production volume of benzene and xylenes.1 In fact, the
consumption of aromatics to produce polymer products has
made a great contribution to the modern lifestyle, with growth
rates generally moving in parallel with growth in the Gross
Domestic Product (GDP). It is projected that the global
aromatics market will reach USD 290.12 billion, in terms of
value, by 2025, with a Compound Annual Growth Rate
(CAGR) of over 5.67% from 2020 to 2025.2 Conventionally,
the production of aromatics is based on the petroleum route,
mainly including naphtha reforming and steam cracking.3,4

Traditionally, steam-reforming of naphtha has been the
primary source of benzene, toluene, and xylenes. However,
the replacement of naphtha by less-expensive cracking
feedstocks for olefin production has led to a gap between
demand and production of these important chemical building
blocks.1 The resulting market imbalance for aromatics will
become more severe in the future and therefore, in the long
run, we must consider on-purpose technologies, which can
manufacture aromatics from other abundant carbon sources at
high yields.5,6

The methanol-to-aromatics (MTA) process is considered as
a promising route to produce aromatics commodities, since
methanol can be manufactured from a wide range of carbon-
containing sources, such as biomass, waste, coal, natural gas,
and CO2 (Figure 1).7 The global methanol market size was
estimated at USD 31.81 billion in 2018, and driven by the
downstream end-users, it is projected to accelerate at a CAGR
of 2.9% from 2019 to 2025.8 The conversion of methanol to
hydrocarbons (MTH) with Brønsted-acid zeolites has
attracted much attention from both industry and academia,
since its discovery by scientists at Mobil.9 Many fuels and
chemicals, which are usually produced by conventional
petrochemical technology, can be produced according to this
process. Because of the versatility in product selectivity and
economical driving force, the methanol to olefins (MTO) has
been industrially commercialized. By tuning the reaction
conditions and zeolite catalyst, the methanol can be converted
to gasoline-range hydrocarbons (MTG). Although the MTG
products also contain 30%−40% aromatics in the liquid
fraction, this is not an economically feasible technology to
produce aromatics.10 In contrast, the MTA process aims to
produce higher yields of aromatics. To achieve this, bifunc-
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tional catalysts enclosing two discrete chemical functionalities
are generally employed. Typically, Zn- and Ga-modified ZSM-
5 zeolites are the most used MTA catalysts: the zeolite
provides the Brønsted acidity for the methanol conversion to
olefins, while incorporated metal promotes the dehydrogen-
ation functionality.11−13 The selectivity toward aromatics was
also significantly improved by co-feeding hydrogen-deficient
species such as oxygenates, olefins, and acetylenes.14,15

In the last 10 years, China has been very actively patenting
technologies to convert methanol into aromatic products, and
the interest of China in the MTA technology has also been
translated into several demonstration plants.16−39 Typical
examples include the fixed-bed MTA process developed by
the Institute of Coal Chemistry, Chinese Academy of Sciences
(ICC, CAS), and the fluidized-bed MTA process developed by
Tsinghua University.40,41 The first industrial scale MTA unit in
the world was launched in 2013 by Tsinghua University and
China Huadian Corporation, which produces 30 000 t/a of
aromatics.10 This process mainly consists of two riser reactors
(see Figure 2). The first reactor operates at 450−500 °C and
converts methanol to a mixture of aromatics and paraffins. C6−
C10 paraffins, together with benzene and toluene, are recycled
to the first reactor to increase xylene production. In the second
reactor, the more chemically inactive C3−C5 paraffins, also
known as liquified petroleum gas (LPG), are converted to
aromatics at higher reaction temperatures (520−550 °C). In
2017, a two-stage MTA pilot plant developed by ICC, CAS,
with a production scale of more than 100 t/a and a total
aromatic selectivity of ∼83% was successfully operated for over
500 h in Taiyuan, China.42 As the MTA process is increasingly
close to industrial maturity, understanding the complex
reaction mechanism behind it is becoming essential for the
development of better catalyst materials. Two main challenges
must be addressed. On one hand, the single-pass aromatics
selectivity is still low (generally <80%); on the other hand, fast
coke formation over the MTA catalysts influences the stability
of operation. Table 1 lists the most typical MTA catalysts and
their catalytic performance. Obviously, increasing aromatic
yield without compromising catalyst lifetime is extremely
challenging.

Although several outstanding reviews have been published
on the MTH process (mainly on MTO/MTG),62−67 a
comprehensive review dedicated to the MTA process is still
lacking. We believe that the full picture of the MTA reaction is
still elusive, and thus a systematic revision on the recent
progress of MTA is extremely imperative for providing more
insights for future studies. Furthermore, we also wish to pay
attention to the direct conversion of CO or CO2 to aromatics
as a cost-effective approach, from a process perspective,
compared to the stepwise COx to aromatics approach. This
Review aims to provide a systematic and comprehensive
revision on the reaction mechanism, catalytic materials for the
MTA process, and meanwhile bridge the chemistries between
methanol to hydrocarbons, alkane/alkene aromatization, and
hydrogenation of CO or CO2 to aromatics (Figure 1). To
achieve this aim, we first summarize the recent efforts to
unravel the reaction and deactivation mechanisms of MTA.
With these insights in hand, in the second section we discuss

Figure 1. Production routes of methanol and its subsequent transformation to different hydrocarbon products. The topics of this Review are
indexed by red bold arrows, including the methanol-to-aromatics (MTA) and the direct conversion of COx to aromatics via the methanol-mediated
route.

Figure 2. Simplified flowsheet for the first industrial-scale fluidized-
bed MTA process in the world, which includes two reactors (R1, R2)
and three separators (S1, S2, S3). [Adapted with permission from ref
10. Copyright, 2017, Wiley.]
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the available strategies to increase the aromatics selectivity as
well as the feasible methods that can prolong the lifetime of
catalysts in the methanol aromatization. The third part gives a
suitable extension of the MTA topic to the direct conversion of
COx to aromatics via methanol as an intermediate. Finally, the
Review is completed with a summary containing our personal
views on future research and development directions.

■ PART 1: REACTION AND DEACTIVATION
MECHANISMS FOR METHANOL-TO-AROMATICS

Over the past two decades, intense research efforts have been
focused on the MTO/MTG processes, and many important
discoveries were reported to reveal the underlying reaction and
deactivation mechanisms. These advances have also leveraged

foundational understanding of reaction mechanism and
catalyst deactivation on MTA. Although research studies on
MTA over the past decade are mainly centered on the
improvement of product selectivity and catalyst stability, the
attention is gradually shifting to a more in-depth understanding
about the role of transition metals and their interplay with
Brønsted acid sites. MTA, as a derivative technology from
MTO/MTG, has distinct chemical steps that define reaction
conditions and employed catalysts. Compared to olefin and
gasoline, aromatic productions from methanol require addi-
tional dehydrogenation and cyclization steps, which determine
the use of higher reaction temperatures, together with the use
of an additional metal functionality within the zeolite catalyst.
Therefore, exploring the reaction and deactivation mechanisms

Table 1. Representative MTA Works Based on Zn- or Ga-Modified ZSM-5 Catalysts

Reaction Conditions Product Selectivity (%)a

catalyst name temperature, T (K) weight hourly space velocity, WHSV (h−1) C1−C4 C5+ aromatics BTX lifetimeb ref

HnGa1Al2 773 2.4 20 0.5 79.5 35.6 48 h (70%) 43
Zn(DS)/ZSM5 663 3.2 32.2 18.6 43.0 − 145 h (60%) 44
GaCNT-HZ 773 4.6 22.7 4.7 72.6 55.9 17 h (70%) 45
H−Zn/HZSM-5 673 2.5 32.4 11.9 55.3 38.7 120 h (90%) 46
Zn(IE)/ZSM-5 663 3.2 25.9 16.1 46.9 − 70 h (60%) 44
Zn/Z-ST400 673 1.52 − − 56.3 44.8 103 h (50%) 47
Zn(IM)/ZSM-5 663 3.2 30.4 13.8 43.1 − 50 h (60%) 44
Zn/HZ-0.25 663 3.2 − − 45.8 − 100 h (60%) 48
8%Ga/ZSM-5 673 2 − − 50 − − 49
La/Zn/HZSM5 710 0.8 29 7 64 56.6 40 h (85%) 50
0.5 wt % Zn/NZ 723 0.8 − − − 67.7 − 51
Zn/P/Si/ZSM-5 748 0.8 − − 61.7 − − 52
Zn/ZSM-5 748 0.8 − − 98 29 300 h 53
Zn/NZS-60 748 0.75 − − 67.9 20 75 h (60%) 54
bayberry-like ZnO/ZSM-5 748 0.75 − − − 64 7.5 h (70%) 55
MZnZSM-5-2 703 1.7 46.2 10 43.5 30.9 117 h (78%) 56
Zn/MFI NRAs 748 0.75 − − 70 − 60 h (80%) 57
ZnZSM-5-3C 673 16 − − 29.6 17 35 h (96%) 58
Zn/ZSM-5-AP60 748 0.75 − − 62 − 55 h (50%) 59
ZnO/HZSM-5 698 2.7 33.9 14.4 49.5 40.1 − 60
40-ZnO/HZSM5 698 5.54 22.6 9.6 67.8 60.3 35 h (50%) 61

aNote: C1−C4 stands for alkanes and alkenes with 1−4 carbon atoms; C5+ stands for aliphatics with no less than 5 carbon atoms; BTX stands for
benzene, toluene, and xylene; Aromatics includes BTX and C9+ aromatics. bX h (Y%) stands for a reaction lasting for X hours before the methanol
conversion decreases to Y%.

Figure 3. Reaction pathway from methanol to aromatics via methanol-to-olefins and olefins-to-aromatics route over metal-modified ZSM-5 zeolites.
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for MTA requires considerations from both the fundamental
insights obtained from MTO/MTG studies and the distinct
characteristics pertaining to specific MTA reactions.
In this section, we first list recent achievements on the

mechanistic understanding about the formation of olefins and
paraffins from methanol, including the first C−C bond
formation and dual-cycle concept. The discussion then extends
to the olefin and paraffin conversion to aromatics, with the
focus being placed on the aromatization reaction pathways and
the synergic effect of Brønsted-Lewis acid sites. Figure 3
depicts the conventional reaction pathway from methanol to
aromatics over metal-modified ZSM-5 zeolites via olefins as
intermediates, and details are provided in the following. Also,
the deactivation mechanism is discussed in the end of this part.
The Reaction Mechanism of Paraffins and Olefins

from Methanol. Formation of the Initial C−C Bond. The
MTA process, consistent with MTO and MTG, generally
consists of an induction period to build up the hydrocarbon
pool (HCP) species, as well as a steady-state period for the
formation of hydrocarbons in an autocatalytic process. The
first fundamental discussion is centered on the formation of the
initial carbon−carbon (C−C) bond and initiation of the
hydrocarbon pool (a mixture of hydrocarbons responsible for
the steady-state reaction). The matter in question has never
been addressed in MTA, but has been extensively discussed for
MTG and MTO chemistries. Here, we review the main
findings observed in the MTG and MTO chemistries, which
should be validated for MTA. Until now, more than 20
different proposals have been postulated to explain the direct
formation of the first C−C bond.62,63,65,67,68 However, the lack
of convincing experimental evidence has resulted in a
longstanding belief: the presence of impurities in the catalyst
or the feed was responsible for the formation of the first C−C
bond.68−70 In practical applications, the level of impurities in
the methanol feedstock, together with the reactor recirculation
of undesired hydrocarbons could ignite the first C−C bond
formation from methanol. Nevertheless, from a fundamental
perspective the formation of the first C−C bond from
methanol is a fascinating topic of research. The “impurity”
proposal was challenged first by the experimental results from
Hunger and co-workers.71 Since then, extensive experimental
and theoretical evidence has been delivered, shedding light on
the viability of the direct mechanism. The reader is invited to
refer to excellent review contributions coming from Olsbye et
al.65 and Yarulina et al.,67 for a detailed overview of the
proposed mechanisms until 2018. Herein, we update this work,
placing the focus on the Koch-carbonylation mechanism, since
recent works indicated that the surface-bound acetyl species
generated through carbonylation of methoxy groups by CO
insertion could be converted into HCP via different
intermediates. Also, the positive participation of extra-frame-
work aluminum (EFAL) species in the initial C−C bond
formation has been recently postulated.72,73

The studies concerning the initial C−C bond formation
mainly center on detecting surface-bound species and their
evolution routes at the early stages of reaction. The first
proposals came in hand with the detection of surface methoxy
species (SMS) on acidic zeolite catalysts after methanol
adsorption.74,81−85 Hunger and co-workers suggested the
formation of the carbene/ylide species after observing the
decomposition of SMS by 13C solid-state nuclear magnetic
resonance (ssNMR) spectroscopy. This mechanism was
supported by Kondo’s IR studies using isotope-labeled

[D3]methoxy groups as reactive species (Figure 4a).74 The
second mechanism came from Kubelkova ́ and Hutchings when
both observed formaldehyde and methane formed before C2+
hydrocarbons under low methanol pressure or coverage.75,86

These results lead to a methane-formaldehyde mechanism
proposed by Tajima (Figure 4b).87 However, computation
results implied this mechanism involved extremely high
reaction barriers for the formation of ethanol intermediate to
produce ethene.76 Fan et al. have proposed more energetically
favorable pathways via a combination of experimental and
DFT calculations (Figure 4c).76 Consequently, a methox-
ymethyl cation (CH3OCH2

+) is formed and coupled with
another DME or methanol molecule to give 1,2-dimethoxy-
ethane or 2-methoxyethanol, which acted as the olefin
precursor. Liu et al. recently reported a methyleneoxy
mechanism based on in situ ssNMR study on the working
catalysts in the rotor.77 The activated DME/methanol would
be methylated by SMS or TMO to generate surface-adsorbed
species containing the first C−C bond (Figure 4d).
The Koch-carbonylation mechanism proposed by Lercher et

al. has attracted considerable attention, because of its lower
energy barrier (80 kJ mol−1).88 The dehydrogenation of
methanol generates methane, formaldehyde, CO, and H2
under low methanol conversion, and the first C−C bond was
found to be generated through carbonylation of methoxy
groups by CO insertion (Figure 4e). This leads to a surface
acetyl group, which subsequently formed methyl acetate
(MeOAc) or acetic acid (HOAc) in the presence of methanol
or water. Later, Weckhuysen et al. provided the first
spectroscopic evidence for the formation of MeOAc and
HOAc, confirming the occurrence of the Koch carbonylation
(Figure 5a).84 Regarding the evolution of surface acetyl groups
to hydrocarbon pool species, different routes have been
provided by Lercher, Li, Weckhuysen, and Plessow.78−80,89,90

During the surface reaction of methanol adsorbed on H-ZSM-
5, with the temperature increased from 280 °C to 300 °C,
Lercher et al. reported the acetate C=O stretching vibrations at
1700 cm−1 shifted to 1690−1650 cm−1 (Figure 5b).78 They
attributed this shift to the formation of unsaturated carboxylic
acids resulting from the condensation between formaldehyde
and MeOAc. These unsaturated carboxylic acids would be
further converted to the first olefin and CO2 via decarbox-
ylation (Figure 4e).78 In contrast, a ketene route has been
proposed by Weckhuysen and Plessow to explain the initiation
of hydrocarbon pool.79,89 The acetyl motif (CH3CO

+) or its
neutral species ketene (CH2CO) worked as a methylating
substrate, forming methyl esters with methanol. Then, olefins
were generated via decarboxylation (Figure 4f). Given the
formation of H2 at the initial stages of MTH process, Li et al.
found that acetaldehyde could be formed from hydrogenation
of the surface-bound acetyl species. The formed acetaldehyde
then could be involved in the aldol condensation reactions,
leading to the formation of coupling products, which offers a
different route to produce hydrocarbon pool species (Figure
4g).80

Possibly due to the low content of extra-framework
aluminum (EFAL) species in the zeolite framework, their
contribution to the initial C−C bond formation has been
neglected for a long time in the scientific community. Recently,
two independent papers from the groups of Copeŕet and Deng
have diverted attention to the role of EFAL in the first C−C
bond formation.72,73 Copeŕet et al. reported that the reaction
of DME on Al2O3 at 300 °C yielded methane and olefins,
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during which both methoxy and formate surface species were
detected.72 To illustrate the role of EFAL more clearly, Deng
and co-workers prepared an H-ZSM-5 sample with abundant
EFAL species by steam dealumination. The surface methoxy
species bound to EFAL (SMS-EFAL) were identified by
ssNMR, and these SMS species could be converted to
acetaldehyde assisted by formaldehyde.73 The hydride transfer
between acetaldehyde and methanol then yielded ethanol,
which subsequently released ethene (Figure 4h).73 The EFAL-
assisted initial C−C bond formation does provide a strategy to
shorten the introduction period.

Reaction Mechanism: The Dual-Cycle Concept. Although
a consensus on the initial C−C bond formation route has not
been reached, elucidating the reaction mechanisms during the
steady-state period operation has more implications from the
view of industrial implementation. Dahl and Kolboe first
proposed a “hydrocarbon pool” mechanism in which the
hydrocarbon pool species can produce light olefins, alkanes,
and aromatics.69 As a widely acknowledged mechanism, the
upgraded dual-cycle concept successfully explain a multitude of
experimental results obtained over zeolites with different
topologies (Figure 6).63,65,67,94,95 Both aromatics (mainly
polymethylbenzenes) and olefins can serve as the HCP
species.96−99 The target products can be generated either by
methylation and cracking of olefins (the olefinic cycle), or by
methylation and dealkylation of aromatics (the aromatic
cycle). The olefins- and aromatics-based cycles are not
independent and “communicate” through cyclization and
aromatic dealkylation steps.
Selectivity control can be achieved by either stimulating or

suppressing one cycle over the other.65,94,100−104 For example,
Sun et al. found that adding a low concentration of aromatic
molecules without diffusion constraints to methanol signifi-
cantly promoted the aromatic cycle and suppressed the olefinic
cycle over a H-ZSM-5 catalyst, which led to an enhanced
formation of ethene over propene.102 The type of dominant
running cycle is closely related to the hydrocarbon species that
can be stabilized by the zeolite topology.64,67 The small 8-
membered ring windows of H-SAPO-34 hinder the diffusion of
C5+ hydrocarbons from the chabazite cages that are large
enough to accommodate aromatic compounds, and, con-
sequently, the aromatic cycle dominates.105−107 In contrast, the
olefinic cycle continuously dominates in the reaction over H-
ZSM-22, which possesses a one-dimensional (1-D) 10-
membered ring pore system.108,109 As to H-ZSM-5 zeolite
with three-dimesnional (3-D) 10-membered ring pore
structure, both the olefinic and aromatic cycles play roles
and contribute to the formation of olefins.95,100

Intensive efforts have been devoted to identify the nature of
hydrocarbon pool species by employing a plethora of
spectroscopic techniques. Most of the chemical insight have
been obtained by ssNMR,91,93,110 Raman,111,112 UV-

Figure 4. Representative direct mechanistic routes to explain the
formation of the first C−C bond during the zeolite-catalyzed MTO/
MTG processes. (a) The proposed mechanism involving the reaction
between surface methoxy species (SMS) and ethylene via the carbene-
type intermediate. (b) The conventional methane-formaldehyde
mechanism involving the hydride abstraction from methanol by
SMS and, (c) the methoxymethyl cation mechanism involving the
hydride abstraction from DME by SMS. (d) The methyleneoxy
mechanism in which the activated DME/methanol are methylated by
SMS or TMO to generate surface-adsorbed species containing the
first C−C bond. (e, f, g) The Koch-carbonylation mechanism
involving the carbonylation of methoxy groups by CO to generate a
surface acetyl group. The acetyl groups proceed (e) by the
condensation with formaldehyde (panel ) or (f) via a ketene route
to produce olefins. (g) The acetaldehyde can be formed from the
hydrogenation of acetyl species and their subsequent aldol
condensation reaction lead to the formation of coupling products.
(h) Proposed reaction route involving the extra-framework aluminum
(EFAL) in the initial C−C bond formation. [Panel (a) was reprinted
with permission from ref 74. Copyright 2011, Wiley. Panel (b) was
adapted with permission from ref 75. Copyright 1987, Royal Society

Figure 4. continued

of Chemistry, London. Panel (c) has been adapted with permission
from ref 76. Copyright, 2014, Elsevier. Panel (d) has been adapted
with permission from ref 77 Copyright, 2013, Wiley. Panel (e) was
adapted with permission from ref 78. Copyright 2019, Springer. Panel
(f) was adapted with permission from ref 79. Copyright 2018, Wiley.
Panel (g) was adapted with permission from ref 80. Copyright 2019,
American Chemical Society. Panel (h) was adapted with permission
from ref 73. Copyright 2018, Wiley.
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vis,92,113−116 and IR117,118 spectroscopies, some of them under
in situ or operando conditions. Moreover, other invasive
approaches involving the quenching of a reaction, followed
by dissolution of the encapsulating catalyst framework in

hydrofluoric acid and subsequent extraction and analysis of the
hydrocarbons by GC-MS, have resulted in being very
insightful.119 Several types of species, including the cyclic
alkenyl, aromatic carbenium, and their corresponding neutral

Figure 5. Characterization of the active intermediates during the zeolite-catalyzed MTO/MTG processes. (a) Solid-state NMR spectra of acetate
species in H-SAPO-34 after the MTO reaction for 30 min at 673 K. Zooms are from 2D 13C−13C (blue) with a mixing time of 150 ms, and
13C−1H (red) MAS NMR spectra with a CP contact time of 500 ms, which indicate the formation of surface acetate and methyl acetate. (b) In situ
IR spectra of the surface species during the surface reaction of methanol adsorbed on H-ZSM-5 with increasing temperature. (c) 13C MAS NMR
spectra of the retained organic species after a continuous flow of 13C−methanol in H-SAPO-34 (573 K for 15 min) and H-SSZ-13 (548 K for 25
min). The asterisks represent spinning side bands and the inset represents the calculated chemical shift of heptamethylbenzenium and
pentamethylcyclopentenyl ions. (d) In situ UV-vis diffuse reflectance spectroscopy (DRS) spectra recorded during conversion of methanol (10 kPa
partial pressure) on H-ZSM-5 at a reaction temperature of 573 K and, (e) the product concentrations from online GC analysis (circles with lines,
left axis) and simultaneously monitored absorption intensity at various wavelengths in the UV-vis spectra. The band centered at 360 nm was
attributed to methylbenzenium ions with four methyl groups, while the band at 295 nm was due to the presence of polymethylcyclopentenyl ions.
(f) Schematic of the traditional dual cycles and the updated cyclopentadienes-based cycle. [Panel (a) was reprinted with permission from ref 84.
Copyright 2018, Wiley. Panel (b) was reprinted with permission from ref 78. Copyright 2019, Springer. Panel (c) was reprinted with permission
from ref 91. Copyright 2013, Wiley. Panels (d) and (e) were reprinted with permission from ref 92. Copyright 2014, American Chemical Society,
Washington, DC. Panel (f) was reprinted with permission from ref 93. Copyright 2019, American Chemical Society.]

Figure 6. Dual-cycle concept for the conversion of methanol in which the olefinic and the aromatic cycles run in parallel. [Reprinted with
permission from ref 67. Copyright 2018, Springer.]
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species have been suggested and verified as active inter-
mediates. In the aromatic cycle, polymethylbenzenium cations
and neutral polymethylbenzene are generally considered as the
main active species.91,105,107,110,120−123 The production of
propene mainly originated from the methylbenzenes with four
to six methyl groups, while ethylene was predominantly
generated from the methylbenzenes with two or three methyl
groups.106 Two routes have been proposed, namely, the side-
chain91,122,124−126 and the pairing routes,91,127−130 to explain
the olefin generation from methylbenzenes. The side-chain
route proceeds through the methanol methylation and the
elimination of side-chain groups from the benzene rings, while
the paring mechanism involves the contraction of six-
membered ring cations (polymethylbenzenium cations) and
the expansion of five-membered ring cations (polymethylcy-
clopentenyl cations). Over chabazite zeolites (H-SAPO-34 and
H-SSZ-13), Liu et al. successfully detected the six-membered
ring cation (mainly heptamethylbenzenium cation) and the
five-membered ring cation (mainly pentamethylcyclopentenyl
cation) using 13C ssNMR (Figure 5c).91 Their theoretical
calculations indicated that both the side-chain and pairing
routes were possible from the energetic perspective.

Notably, the existence of five-membered ring cations does
not mean that the pairing route really dominates. In an elegant
work from Wulfers and Jentoft, the correlation between the
intermediate species observed by UV-vis DRS and the gas-
phase products during the induction period was explored.92

The band centered in the range of 353−360 nm was attributed
to methylbenzenium ions with three or four methyl groups,
while the band covering from 280 nm to 295 nm was due to
the presence of polymethylcyclopentenyl ions (Figure 5d). The
growth of the polymethylcyclopentenyl ions band paralleled
the increase of the formation rates of gas-phase products. In
contrast, the concentration of alkylbenzenium ions displayed a
linear growth rate with time, showing no discernible
correlation with the formation rates of gas-phase products
(Figure 5e). These results do deliver a message that, instead of
acting as the intermediate species of the pairing route, the five-
membered ring cations could produce olefins via an alternate
way. The recent work from the above group provides further
spectroscopic evidence that, in the absence of alkylaromatics or
alkylbenzenium ions, alkylcyclopentenyl cations are cleaved
into smaller cyclopentenyl cations, with the simultaneous
production of ethene, propene, and butene.115 Deng et al. and
Liu et al. updated the dual-cycle concept, and a cyclo-

Figure 7. Representative mechanistic routes for dehydrogenation, hydrogen transfer, and cyclization reactions during the zeolite-catalyzed
methanol-to-aromatics (MTA). (a) Brønsted acid mechanism for propane dehydrogenation. (b) Proposed reaction cycle for alkane
dehydrogenation over binuclear Ga-containing cations in the presence of water. (c) Bifunctional Lewis−Brønsted acid mechanism for alkane
dehydrogenation, in which Brønsted acid site can protonate the Ga+ to form a [GaH]2+. (d) The conventional olefin-mediated hydrogen transfer
reactions, leading to alkanes, aromatics, and coke. (BAS stands for Brønsted acid site.) (e) The methanol-mediated hydrogen transfer reactions with
a formaldehyde as an intermediate. (LAS stands for Lewis acid site.) (f) The pathway of aromatic formation via methanol dehydrogenation. (g)
The hexadiene cyclization through 1,5-cyclization and 1,6-cyclization pathways on H-ZSM-5. [Panel (a) was adapted with permission from ref 159.
Copyright 1995, Elsevier. Panel (b) was adapted with permission from ref 160 Copyright 2007, Wiley. Panel (c) was adapted with permission from
ref 157. Copyright 2018, American Chemical Society, Washington, DC. Panels (d) and (e) were adapted with permission from ref 161. Copyright
2016, American Chemical Society, Washington, DC. Panel (f) was adapted with permission from ref 162. Copyright 2021, Elsevier. Panel (g) was
adapted with permission from ref 163. Copyright 2005, American Chemical Society, Washington, DC.]
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Figure 8. Representative experimental results based on Zn- or Ga-ZSM-5 catalyzed dehydrogenation and cyclization reactions. (a) Change of edge
energy of Ga species during reduction of Ga-ZSM-5. (b) Overall, protolytic cracking, and dehydrogenation rate, as a function of Ga/Al ratio of the
catalysts. Reaction temperature, 783 K; propane partial pressure, 8.75 mbar. (c) Yield of aromatics and hydrogen transfer index after 4 h on stream
over parent and Zn-exchanged samples. Parent samples are named as Si/AlX-P, where “X” indicates the Si/Al ratio of each material, and exchanged
materials are named as Si/AlX-YZn, with “Y” denoting the number of Zn-exchanges. (d) Selectivity of hydrocarbon products and H2 production in
the MTA reaction over parent H-ZSM-5 and Ga-modified ZSM-5 zeolites with different Ga loadings. Reaction temperature, 673 K; WHSV of
methanol, 2 h−1. (e) Time evolution of 13C content in the effluent and trapped products obtained from 12C/13C-methanol switching experiments
over parent H-ZSM-5 (black) and 6% Ga/ZSM-5 (red). [Panels (a) and (b) were reprinted with permission from ref 157. Copyright 2018,
American Chemical Society, Washington, DC. Panel (c) was reprinted with permission from ref 176. Copyright 2018, Elsevier. Panels (d) and (e)
was reprinted with permission from ref 49. Copyright 2018, American Chemical Society, Washington, DC.]
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pentadienes-based cycle was proposed based on the exper-
imental and theoretical studies on the reaction of cyclo-
pentenyl cations (Figure 5f).93,131 The side chains of
cyclopentenyl cations were able to be methylated into ethyl-,
propyl-, and butyl-substituted cyclopentenyl cations, and
subsequently the olefins were split off. The neutral cyclo-
pentadiene also linked the alkenes-based cycle and the
aromatics-based cycle.93

Toward Aromatics Formation: Dehydrogenation and
Cyclization Reactions. Thanks to the suitable pore structure
for producing BTX and adjustable acidity, ZSM-5 zeolites are
frequently used in the aromatization process of alkanes,
alkenes, and alcohols. From the dual-cycle mechanism, we
know that both the olefinic and aromatic cycles play roles and
the selectivity of aromatics can be enhanced by stimulating the
aromatic cycle through optimizing reaction conditions, such as
adopting lower reaction temperatures to avoid cracking and
promote hydrogen transfer and cyclization.67 However, the
increased aromatics selectivity still cannot satisfy the high
yields expected for a practical application, mostly due to the
hydrogen transfer reactions resulting in the production of a
large amount of alkanes. To break the selectivity bottleneck,
dehydrogenation reactions should prevail over hydrogen
transfer by introducing an additional metals functionality
onto zeolites. Over past decades, ZSM-5 zeolites modified with
different metals have been tested for MTA, giving a
considerably increased selectivity to aromatics.132−142 Zn- or
Ga-modified ZSM-5 catalysts stand out because of their
superior catalytic performance.139 The introduced metals
mainly act as Lewis acid sites for dehydrogenation, from
which the intermediate paraffinic and olefinic species are
converted to more unsaturated species, such as polyenes and
aromatics, releasing H2.

133,134,143−149 The cyclization of long-
chain olefins and dienes also plays an important role in MTA.
The resulted productsnamely, cycloalkanes and cyclo-
alkenesare not stable products, forming aromatics quickly
by further dehydrogenation.49,63 The combination of dehy-
drogenation and cyclization in the aromatization process
requires a synergism between Brønsted sites and Lewis sites
over zeolites, which has proven to be closely related to the
aromatics selectivity.49 In the following, we summarize relevant
works on the reaction mechanisms for mainly dehydrogenation
and cyclization reactions, as well as the synergic effect of
Brønsted−Lewis acid sites.
Dehydrogenation. During the MTA process, paraffins,

olefins, and cyclic species must undergo dehydrogenation to be
converted to hydrogen-deficient aromatics. The dehydrogen-
ation of paraffins (especially propane) over Zn- and Ga-ZSM-5
zeolites has been the focus of intensive research.150−158 Many
important conclusions have been deduced thereof. These
conclusions also help explain the dehydrogenation of other
species, such as alkenes and cycloalkenes. However, note that
the propane dehydrogenation is generally operating at
temperatures over 500 °C while the MTA reaction is typically
conducted at ∼400−500 °C. The discrepancies in the reaction
conditions imply that the dehydrogenation reactions in MTA
demand further exploration.
Elucidation of the dehydrogenation reactivity of the distinct

hydrocarbon species is one of the key parameters to be
determined. Deng and co-workers have studied the influence
of co-feeding of 12C2−4 alkanes or alkenes on the 13C-methanol
conversion over a Ga/ZSM-5 zeolite under 400 °C.49

Compared with the 13C-methanol feeding alone, no obvious

enhancement was observed for the selectivity to aromatics
when pulsing 12C2−4 alkanes into the reactor. In contrast,
feeding 12C2−4 alkenes as coreactants resulted in an increased
selectivity to aromatics, together with an enhanced yield of H2.
Therefore, focus should be put on a reduction of the paraffinic
fraction and on their dehydrogenation step.
Until now, a detailed mechanism about dehydrogenation has

still been passionately disputed. First, the dehydrogenation
catalyzed by Brønsted acid sites (BAS) was used to explain the
formation of propene from propane over H-form zeo-
lites.159,164,165 The dehydrogenation was initiated by proto-
nation of the methylene C−H bond of propane on the
Brønsted acid site, forming a five-coordinated carbon atom that
dissociated to an i-propenium cation and H2 (Figure 7a). The
i-propenium then transferred a methyl proton to a framework
oxygen to form propene. Lercher et al. have shown that the
BAS-catalyzed dehydrogenation of paraffins has a high
activation energy and competes with other undesired reaction
such as protolytic cracking.157,159 Actually, the BAS-catalyzed
dehydrogenation cannot explain the considerable formation of
dehydrogenated products after introducing Zn or Ga species.
Then, the role of metals on the dehydrogenation reaction was
first explained by a mere facilitation of the recombinative
desorption of H2.

150,152,166 However, this was gradually
discarded by contemporaneous and subsequent reports
suggesting other mechanisms. For example, a carbenium
pathway was proposed by many studies to explain the role of
metals where the dehydrogenation reaction proceeds via the
abstraction of a hydride from an alkane by Zn or Ga,
generating a carbonium ion.160,167−171 The dehydrogenated
products were then generated from the carbonium ion.
Besides, an “alkyl mechanism” was also proposed, which
involves the heterolytic dissociation of the C−H bond over Zn
or Ga and a basic framework oxygen, with the alkyl fragment
binding to the former and the proton binding to the latter.172

A modified mechanism was proposed by Lercher et al., where a
Lewis−Brønsted acid pair is heterolytically cleaving the
paraffin C−H and facilitates the H2 elimination.157

The nature of the active metal species has also been a topic
of active research. For Zn-ZSM-5, it is generally accepted that
the Zn2+ center with an oxidation state of +2 is the active Lewis
acid sites, because of the instability of Zn1+ and Zn0 under high
reaction temperatures.44,173−175 In contrast, both Ga3+ and Ga+

have been proposed as the active Lewis acid sites over Ga-
ZSM-5. Earlier studies from Hensen and co-workers noted that
the oxygen-ligated Ga species, such as monomeric [GaO]+ or
dimeric [Ga2O2]

2+ cations, were more active than reduced Ga+

cations for the alkane dehydrogenation.160,167 Over dimeric
[Ga2O2]

2+ cations, the initial step of dehydrogenation involved
a heterolytic C−H bond dissociation, with the alkyl fragment
binding to the Ga3+ and the proton binding to the basic extra-
framework oxygen atom (Figure 7b).160 Subsequently, the
olefin were produced from the alkyl fragment, and hydrogen
recombination occurred in a concerted manner.
Besides the Ga3+ center, some researchers also proposed that

Ga+ cations might be the active sites for dehydrogen-
ation.155,168,177,178 From X-ray adsorption spectroscopy stud-
ies, Ga K-edge shifted to a low energy under a hydrogen or
propane atmosphere. The shift in XANES spectrum is ascribed
to the generation of reduced Ga+ cations (Figure 8a).157

However, the presence of Ga+ cation and its role in
dehydrogenation have been challenged.179 A theoretical
study has indicated that the activation barrier for forming
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Ga+ species was considerably high.158 Meanwhile, a different
interpretation about the XANES data was raised, which
attributed the shift of Ga K-edge to the generation of Ga-
alkyl or GaHx species where the Ga center actually had an
oxidation state of +3.158 Lercher et al. studied the dehydrogen-
ation of propane by varying the Ga/Al ratio in Ga-ZSM-5
zeolites.157 They found that at a Ga/Al ratio of 1/2, the
dehydrogenation rate was maximized, which was 2 orders of
magnitude higher than the BAS-catalyzed dehydrogenation
rate over the parent H-ZSM-5 (Figure 8b). The high
dehydrogenation rate was accounted for by the presence of a
maximum concentration of Lewis−Brønsted acid pairs at the
Ga/Al ratio of 1/2. In the Lewis−Brønsted acid pairs, Ga+ was
located in the vicinity of a BAS, which can protonate the Ga+

to form a [GaH]2+ (Figure 7c). The heterolytic C−H bond
dissociation of propane was performed by a [GaH]2+ and a
basic framework oxygen of the BAS. H2 was eliminated
through the recombination of two protons, i.e., one binding to
the basic framework oxygen of the BAS and the other binding
to a Ga3+ center. Propene was generated by a hydride
elimination from the C3H7 fragment while the Brønsted acid
was regenerated (Figure 7c). Recently, Bell et al. demonstrated
that the [GaH]2+ cations worked as the active centers for both
propane and butane dehydrogenation, independent of the Ga/
Al ratio.158,180 They also noted that the presence of excessive
H2 could inhibit the proceeding of dehydrogenation via
reacting with [GaH]2+ cations to form the inactive [GaH2]

+−
H+ cation pairs.
Although monomolecular dehydrogenation is generally

accepted as the main contributor to the formation of aromatics
in metal-doped zeolites, the contribution of bimolecular
hydrogen transfer reactions cannot be ignored, especially
when the employed catalysts have no or very low metal
loadings. During hydrogen transfer, the hydrides can be
transferred from H-donors (olefins or methanol) to H-
acceptors (other olefins).63,161,176 The conventional olefin-
mediated hydrogen transfer reactions catalyzed by BAS occur
between two olefinic species (Figure 7d). The hydrogen
transfer index (HTI), which is defined as the ratio of alkanes to
alkenes formed, is generally used to index the proceeding
degree of hydrogen transfer reaction. A high HTI value means
that more alkenes are converted to the corresponding alkanes.
Alternatively, a methanol-induced hydrogen transfer route was
also reported (Figure 7e).78,161 The first step of reaction was to
transfer two H atoms from methanol to an alkene on a Lewis
acid site (like EFAL), forming an alkane and formaldehyde.
The subsequent Prins reaction between formaldehydes and
other olefins over Brønsted acid sites resulted in the formation
of hydrogen-deficient products such as aromatics.78,161,176,181

Pinilla-Herrero et al. have investigated the relationship
between dehydrogenation and hydrogen transfer reactions in
MTA.176 They prepared a series of Zn-ZSM-5 samples by ion
exchanging two parent materials (Si/Al = 15 and 40) with
various exchanging times (up to 3 times), and compared the
effect of Al and Zn on the product distribution. The increased
concentration of Al or Zn both facilitated the formation of
aromatics (Figure 8c), and the high Zn/Al ratio favored
dehydrogenation over hydrogen transfer reactions. In another
work, Deng et al. observed that an increase of Ga loading over
Ga-ZSM-5 catalysts resulted in the enhanced selectivity to
aromatics, which was accompanied by the decreased selectivity
to other alkenes (Figure 8d).49 Interestingly, they also
observed that the formation of C2−4 alkanes was initially

increased when the Ga loading was increased to 1 wt %,
possibly caused by the improved methanol-induced hydrogen
transfer reactions. As the Ga loading further increased,
dehydrogenation became more dominant over hydrogen
transfer reactions, and the selectivity to alkanes decreased
considerably. Overall, the presence of hydrogen transfer
reactions also contributes to the formation of aromatics,
especially when the Zn or Ga loading is low, but undoubtedly
decreases the conversion efficiency of methanol to aromatics,
because of the concomitant formation of alkanes.
Methanol dehydrogenation also contributes to the aromatic

formation. Over Zn-ZSM-5 catalysts, Liu et al. recently found
that the addition of Zn to zeolite ZSM-5 is also promoting
methanol dehydrogenation to formaldehyde, which has a direct
impact on aromatic production.162 The coupling of form-
aldehyde with intermediates species to form aromatics is
mainly composed of the reactions such as Prins, hydro-
acylation, and aldol condensation (Figure 7f). As a result,
methanol conversion can produce more aromatics than olefins
(propylene or ethylene) conversion over Zn-ZSM-5. This
suggests that the conventional MTA pathway including
methanol-to-olefins and olefins-to-aromatics is not complete,
and more pathways to form aromatics are possibly still
unrevealed.

Cyclization. As one type of reactions catalyzed by Brønsted
acid sites, cyclization is imperative in the MTA conversion.63

On one hand, the cyclic species are not stable products and can
be dehydrogenated to form aromatics.49,182,183 On the other
hand, light olefins including ethene and propene can be
produced from a cyclopentadienes-based cyclic species.93,131

Starting from long-chain olefins, two possible routes may exist
for aromatization (Figure 9). One starts from the dehydrogen-

ation of olefins, and subsequently the formed dienes and
trienes undergo cyclization to form aromatics. In the second
route, olefins first undergo cyclization to form cycloalkanes,
which are subsequently dehydrogenated to form aromatics.
As illustrated in Figure 9, the cyclization may occur at

various reaction steps, either prior to dehydrogenation or after
that, and sometimes it is difficult to identify the real sequence
via experimental approaches.63,184 Alternatively, theoretical
computational studies are able to provide more fruitful insights
into the cyclization process. Joshi and Thomson have
investigated the cyclization of hexadiene through 1,5-
cyclization and 1,6-cyclization pathways on H-ZSM-5 (Figure
7g).163 Their calculations showed that a higher activation
energy barrier was expected for the 1,5-cyclization route and
thus 1,6-cyclization was more favorable. Later, they compared
1,6-cyclization reactions of C6 diene with that of C7 and C8
dienes, and they found that the reactions for the C7 and C8
dienes have lower energy barriers.185 This was consistent with
experimental observations where cyclization occurs predom-
inantly for C8+ aliphatics.100 The cyclization of C5−C7 liner
alkenes was investigated by Fan et al. over a H-ITQ-13
zeolites.184 Compared to the dimerization of light olefins, the

Figure 9. Possible routes from long-chain olefins to aromatics.
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formation of linear alkenes by olefins methylation was
kinetically more favorable. The formed long-chain linear
olefins preferred to undergo cyclization first, forming cyclo-
alkanes. The cycloalkanes were then dehydrogenated quickly,
which accounted for the uncommon experimental observation
of (methyl)cyclopentane and (methyl)cyclohexane.
Disclosing the nature of species that undergo cyclization is

essential for understanding the formation of aromatics. Using a
combination of Kerr-gated Raman spectroscopy and molecular
simulations, Beale and co-workers recently further identified
that polyenes are strongly related to the aromatics formation
and deactivation of MTH catalysts.112 The intramolecular
cyclization of polyenes is an essential step and, depending on
zeolite topology, the formed aromatics could become gas
products and/or deactivating species.
In the above studies, what should be mentioned is that the

hydride abstraction is assumed to proceed by hydrogen
transfer reactions over H-form zeolites, which could not be
the case in metal-doped zeolites. Through 12C/13C-methanol
switching experiments, Deng et al. observed that the 13C atom
incorporating rates in C3−5 olefins and cycloalkenes (methyl-
cyclopentene and methylcyclohexene) was similar on both Ga-
ZSM-5 and H-ZSM-5 (Figure 8e).49 In contrast, compared to
H-ZSM-5, the 13C contents of cyclopentadienes in the trapped
species on Ga/ZSM-5 were higher, accompanied by an
enhanced incorporation rate for both the effluent and trapped
methylbenzenes. This clearly indicated that adding Ga species
significantly improved the dehydrogenation reactions, espe-
cially those with cycloalkenes as substrates. However, the
question of the dominant route to form cycloalkenes (via

cycloalkane dehydrogenation or diene cyclization) is still not
resolved.

Effect of Brønsted and Lewis Sites in Close Proximity.
Understanding whether there is a synergic effect between
different active sites or not is of great importance for designing
better metal-supported catalysts. With regard to the methanol
aromatization, the high selectivity of aromatics can be achieved
in catalysts containing both the metal species as LAS and the
tetrahedral framework aluminum forming BAS. Many studies
have noted that there is a benefit when there is a synergic effect
between LAS and BAS in the conversion of different
hydrocarbons and methanol to aromatics.43,60,154,170,186−190

Two different mechanisms could describe a positive effect
when Brønsted and Lewis sites are in close proximity. The first
one, also denoted as “contact synergy”,188 refers to the
improvement on a cascade reaction, such as A→ B→ C, when
two different active sites are in close proximity, which improves
the reaction yield by facilitating the transfer of the intermediate
B from one active site to the other. This promotional effect
does not imply that the different active sites must be in close
proximity at the molecular level, although it could be
beneficial. Over a physical mixture of β-Ga2O3 and H-ZSM-
5, Hutchings et al. demonstrated that a closer proximity
between these two materials led to a higher selectivity for
aromatics in the methanol conversion.187−189 The contact
synergy also partially explains why the metal-modified catalysts
prepared by ion-exchange (IE) and incipient wet impregnation
(IWI) methods generally exhibit better aromatization ability,
compared to those prepared by mechanically mixing metal
oxide with H-ZSM-5. Isolated metal ions, small metal oxide
clusters and nanoparticles can be introduced into the zeolite

Figure 10. (a) Schematic distributions of Brønsted acid sites (acidic protons) and Ga species in the zeolite channels. (b) 1H−71Ga S-RE-SPDOR
NMR spectra of Ga-containing zeolites. [Panels (a) and (b) were reprinted with permission from ref 191. Copyright 2017, American Chemical
Society, Washington, DC.]
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pore network by the IE and IWI methods to get in close
proximity to Brønsted acid sites inside, while more bulky
metal-oxide particles obtained from the mechanical mixing
method are spatially separated from the zeolite porous
channels.
The second synergetic effect is based on the modification of

the active site and/or reaction mechanism, involving a
proximity at the molecular level. Until now, researchers have
still been debating on the nature of Brønsted−Lewis acid sites
interaction over the zeolite-based catalysts. A typical example is
the controversy about the influence of extra-framework
aluminum (EFAL) on the Brønsted acidity.192−199 Some
reports suggested that the interaction of an EFAL atom with a
BAS can polarize the OH group of BAS and, therefore,
strengthen it.192,193 In contrast, other evidence suggested that
EFAL species only improve the stabilization of reactants and/
or the transition states by a solvation effect where the zeolite
cavity decreases by the inclusion of EFAL species.194,195 The
cooperative role of Brønsted acid and Lewis acid sites in
zeolites for the conversion of methanol to produce more
propylene was also confirmed experimentally and theoret-
ically.196,197 Considering the Lewis acidity nature of Zn or Ga
species, similar effects could happen for the MTA catalysts. An
example of the modification of Zn on BAS was reported by
Deng et al. on Zn-modified ZSM-5. The authors provided the
first NMR experimental evidence on the spatial proximity
between Zn and BAS by 1H−67Zn double-resonance solid-state
NMR spectroscopy.170 A promotion of C−H bond activation
of methane on this sample was attributed to the enhanced
Brønsted acidity caused by the proximity of Zn. Later, they
investigated the proximity between Ga and BAS over the
catalysts that were prepared via different methods.191 The
investigated catalysts include a parent H-ZSM-5, a Ga2O3/
ZSM-5 prepared by mechanically mixing gallium oxide with H-
ZSM-5, a Ga/ZSM-5(IM) prepared by wetness impregnation,
and a Ga/ZSM-5(redox), which originated from a reduction−
oxidation treatment of Ga/ZSM-5(IM) to improve the gallium
species dispersion (Figure 10a). The proximity between Ga
and BAS was probed by 1H−71Ga symmetry-based rotational-
echo saturation-pulse double-resonance (S-RE-SPDOR) ex-
periments. 1H signals would be reduced due to the dipolar
dephasing during the irradiation of 71Ga if Ga nuclei were in
close proximity to protons. Figure 10b shows the signal
intensity with 71Ga irradiation (S) and without 71Ga irradiation
(S0), where the degree of proximity was reflected by the ΔS/S0
value. Among all catalysts, Ga/H-ZSM-5(redox) displayed the
most pronounced intensity difference between the spectra with
and without 71Ga irradiation, indicating that the number of
BAS-Ga pairs was the highest over this sample. Exploiting 1H
MAS NMR with [D5]pyridine as a probe molecule, a chemical
shift to the upfield direction was observed for [D5]pyridine
adsorbed on Ga/H-ZSM-5(redox), which was attributed to the
increased Brønsted acid strength. As a result, Ga/H-ZSM-
5(redox) exhibited an increased selectivity for aromatics, from
13.4% on Ga2O3/ZSM-5 and H-ZSM-5, to 50% on Ga/H-
ZSM-5(redox). Based on the above results, it was concluded
that both Zn and Ga ions can increase the acid strength of the
neighboring Brønsted sites. However, this conclusion was
recently challenged by Stepanov and co-workers, based on
their comparative analysis of the acidity for H-ZSM-5 and Zn-
ZSM-5. By employing NMR and FTIR, using trimethylphos-
phine (TMP) and CO as probe molecules to characterize the

acidity, they found that the acid strength did not change after
Zn modification.200

Besides the above effects, as discussed in the dehydrogen-
ation part, a bifunctional Brønsted−Lewis acid mechanism has
been proposed by Lercher to account for the increased
propane dehydrogenation activity over Ga-modified ZSM-5
zeolites.157 In that mechanism, the metal species can work with
the neighboring Brønsted sites to conduct the dehydrogen-
ation reaction. The proton transfer from the neighboring BAS
to the Ga+ leads to the formation of [GaH]2+, which can
catalyze the dehydrogenation of propane more efficiently
(Figure 7c). This also provides another perspective to
understand the synergy of Brønsted−Lewis acid sites.
Based on the above discussions, the possible conventional

reaction pathway from methanol to aromatics over metal-
modified ZSM-5 zeolites is proposed in Figure 3. The
generation of a hydrocarbon pool is essential for producing
light olefins and their subsequent transformation to aromatics.
Note that, here, we do not include the formaldehyde-mediated
route to form aromatics in Figure 3. Although several recent
studies point out that formaldehyde participates in the
aromatics formation, it is still not clear to what degree this
route contributes to the aromatics yield under typical MTA
conditions.78,162 Dehydrogenation and cyclization are impor-
tant steps in the methanol aromatization over Zn- or Ga-ZSM-
5 zeolites. The introduction of Zn and Ga promotes the
dehydrogenation ability of catalysts, especially those with
cycloalkenes as substrates, yet the structure of active sites for
dehydrogenation is still under debate. Theoretical studies have
provided fruitful insights on the cyclization pathways, but
related experimental evidence are lacking. A synergic effect
between the metal species and Brønsted acid sites over MTA
catalysts has been demonstrated to be present at least at the
level of promoting the cascade reactions and on the
dehydrogenation steps.

Catalyst Deactivation. Coke Deposition. The formation
of carbonaceous species, also known as coke, is one of the main
deactivation mechanisms in zeolite catalysis and, more
specifically, in processes involving methanol conversion to
hydrocarbons.62 The definition of coke is broad and its
intrinsic nature is dependent on the types of zeolites and
reaction conditions. In a broad view, any carbon-containing
hydrocarbon residues that can permanently stay in catalysts
during reaction, because of a low vapor pressure, a high proton
affinity, or a large molecular size, can be regarded as coke
molecules. Recently, Olsbye et al. published an excellent review
that systematically addressed the formation and evolution of
the deactivating species in the MTH process.65 For MTA,
deactivation by coke deposition requires more attention since
the aromatic products are typically precursors of deactivating
coke species. In the following discussion, we summarize the
works associated with the deactivation in MTA, and also
extend this topic to other related processes, including MTO/
MTG and alkane dehydrogenation. On one hand, the
compositions of coke species are similar when the employed
catalysts have ZSM-5 as the zeolite constituent. On the other
hand, the deactivation insights obtained from MTO/MTG or
alkane dehydrogenation could guide the future explorations on
the MTA deactivation.

Nature and Location of Coke Species. The identification of
coke composition is of great importance to deduce the
deactivation mechanism for the MTH process. So far, several
methods have been employed to elucidate the nature of coke
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during methanol conversion on zeolites, including GC-
MS,95,201−203 NMR,204 UV-vis,202 Raman,205 IR,118 EPR,206

TEOM,206 confocal fluorescence microscopy,207,208 and
atomic probe spectroscopy.209 Generally, the molecular size
and number of hydrocarbon deposits increases with time on-
stream (TOS). Dai et al. have studied the coke deposit after
the MTA conversion with different TOS values on the used
Ga-HZSM-5 catalysts.210 As determined by thermogravimetric
analysis (TGA), the amount of organic deposit increased from
5.9% to 20.4% as the reaction time progressed from TOS = 1.0
h to TOS = 40 h (Figure 11a). The chemical composition of
the organic compounds dissolved in dichloromethane was
analyzed by GC-MS, and polymethylaromatics with one to
three condensed aromatic rings were detected for all used
catalysts (Figure 11b). With the progress of reaction, the
concentrations and proportions of these organic deposits
increased significantly, and naphthalene and anthracene
became the dominant deposits. In situ UV-vis spectroscopy
provides the dynamic information on the chemical composi-

tion of these organic deposits. As shown in Figure 11c, the
bands of dienes (240 nm) gradually disappeared, while the
bands of monoenylic carbenium ions or polyalkylbenzenes
(270−290 nm) gradually increased with TOS. Simultaneously,
the benzene-based carbenium ions (∼388 nm) were trans-
formed to polycyclic aromatics (∼420 nm). The authors
attributed the deactivation of the catalyst to the blockage of the
ZSM-5 structure by large polycyclic aromatics with three to
four aromatic rings. Raman spectrum of spent catalysts
provides information on the degree of graphitization of coke.
In another study, Zhu et al. studied the nature of coke
deposition by Raman spectroscopy.47 A higher integrated area
ratio of G and D1 peak indicates that the coke deposits have a
more ordered graphitic structure.
At the zeolite level, the formation of hydrocarbon residues is

more favored over zeolites possessing higher acid strength,
higher acid site density, and larger crystal size, which is applied
to both MTA and MTO/MTG.51,62,64,208,213−220 Besides, a
previous study in MTO/MTG indicates that larger channel

Figure 11. Experimental results on the exploration of the nature and/or the location of coke molecules. (a) TGA curves and, (b) GC−MS
chromatograms of the organic extracts of 4% Ga-HZ-5 catalysts obtained after MTA conversion at 723 K and different time on stream (TOS). (c)
In situ UV-vis spectra recorded during the MTA conversion over 4% Ga-HZ-5 catalysts at 723 K and up to TOS = 30 h. (d) Raman spectra of spent
Zn/ZSM-5 (Zn/Z) and steamed Zn/ZSM-5 (Zn/Z-ST400) catalysts. (e) Coke formation over nanosized Zn/NZS-60 with various TOS during
the MTA reaction at 748 K. (f) TEM images of the graphite carbon depositing on the outer surface of Zn/NZS-60 after the inner Zn/NZS-60 is
dissolved by 15% HF solution. (g) Time-resolved fluorescence intensity images of large H-ZSM-5 crystals during MTO reaction at 660 K by using
488 nm (top) and 561 nm (bottom) excitation lasers. (e) Schematic diagrams of coke deposition on the H-ZSM-5 nanosheets with only one unit
cell thickness (named as MFI (2)), and H-ZSM-5 crystals with b-axis length of 60 nm (named as MFI (60)). (f) Photograph of the reactor bed of
H-ZSM-5 and Mg-ZSM-5 after 2 h of MTO process at 773 K. [Panels (a)−(c) were reprinted with permission from ref 210. Copyright 2018,
American Chemical Society, Washington, DC. Panel (d) was reprinted with permission from ref 47. Copyright 2017, Elsevier. Panels (e) and (f)
were reprinted with permission from ref 54. Copyright 2014, Royal Society of Chemistry, London. Panel (g) was reprinted with permission from ref
207. Copyright 2008, Wiley. Panel (h) was reprinted with permission from ref 211. Copyright 2018, Elsevier. Panel (i) reprinted with permission
from ref 212. Copyright 2018, Royal Society of Chemistry, London.]
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intersections for 10-MR zeolites form heavier hydrocarbon
species and deactivates faster.203 Over H-ZSM-5 zeolites, both
internal and external coke have been observed after methanol
conversion.95,206,221,222 Shen et al. compared the coke
deactivation mechanism of commercial and nanosized Zn-
ZSM-5 catalysts on the MTA reaction. The generation of
internal and external coke was monitored and they observed
that both of them increase in the nanosized zeolites with TOS
(Figure 11e).54 The spent conventional ZSM-5 contained a
larger amount of internal coke, suggesting deactivation by coke
filling of micropores. However, the nanosized ZSM-5 was able
to hold more coke and it was mostly located at the external
surface, which indicates that smaller zeolite particles are able to
preserve the microporosity free of carbon deposits for longer
times. The external graphite coke was also observed from
TEM, forming a hollow carbon nanosphere after dissolving the
spent catalysts in HF solution (Figure 11f).
Advances in microspectroscopy and nanospectroscopy allow

one to investigate the deactivation mechanism of coke
formation in individual zeolite particles, even under in situ
and operando conditions. While several studies have been
conducted on the MTO/MTH chemistry, literature is scarce in
the MTA field. By using large model H-ZSM-5 crystals (100
μm × 20 μm × 20 μm) and UV-vis microspectroscopy and
confocal fluorescence microscopy, Weckhuysen et al. inves-
tigated the formation of hydrocarbon deposits during the
conversion of methanol at 390 °C.207 The microspectroscopy
results show that coke was initially formed at the triangular
crystal edges where the straight channel openings reach the
external crystal surface directly (Figure 11g). The fluorescent
carbonaceous species then gradually diffused inward the
crystal, revealing in some circumstances an hourglass pattern,
which suggest diffusion limitations in the boundaries of distinct
intergrowth subunits. Later, using an atomic probe tomog-
raphy (APT) technique, they showed that the first coke
precursor species formed throughout the crystal.209 More
specifically, coke clusters with a median size of 36−69 carbon
atoms formed preferentially around areas with local elevated
aluminum content. As the deactivation progressed, these large
clusters finally merged into the coke rich regions, which
preferentially occurred in the aluminum-rich surface of the H-
ZSM-5 crystal. Wang et al. compared the coke formation over
the H-ZSM-5 nanosheets and the conventional coffin-shaped
H-ZSM-5 crystals at the single particle level by using electron
microscopy and EELS.211 They speculate that aromatics
mainly diffuse through the straight channels, whereas the
light olefins do it through both the sinusoidal and straight
channels. As all product molecules diffused only through the
straight channels of the H-ZSM-5 nanosheet, a preferred
formation of coke on its (010) plane was observed (Figure
11h).
At the reactor level, the “burning cigar” model was widely

used to describe the development of coke at different points in
the reactor.223 The coke front starts at or shortly below the
entrance of the reactor, and further expanded toward the end
of the bed with TOS.223,224 The model was validated
spectroscopically with time- and space-resolved X-ray
diffraction studies where changes in the diffraction lines
could be correlated to the location of hydrocarbon species
inside of the zeolite pores.225,226 Such a deactivation profile
agrees with the model where reactants or reactants/products
induce deactivation.227,228 It has been suggested that reactions
between methanol and coke species proceeded via methylation

and/or hydrogen transfer, thus contributing to the gradual
deactivation model, while the dimethyl ether (DME), as a
more active methylating agent than methanol, does not
promote the coke formation.229 This suggests that methanol
could contribute to the deactivation via alternative pathways,
such as by forming formaldehyde (vide infra). Weckhuysen et
al. compared the coke formation and deactivation kinetics over
H-ZSM-5 and Mg-ZSM-5 (Figure 11i).212 For both catalysts, a
coke front was formed in the beginning of the reactor, and this
coke front traveled through the catalyst bed with TOS. The
magnesium modification resulted in a decrease in the number
of Brønsted acid sites and, thus, the lifetime of the Mg-ZSM-5
catalyst extended, as reflected by a slower progression of the
coke front through the catalyst bed.

Formation Routes of Coke Species. Understanding the
formation routes of the deactivating species, i.e., coke, is of
paramount importance to develop new strategies to improve
catalyst lifetime in the conversion of methanol. On one hand,
key intermediates to form coke species are often highly reactive
or are in low concentrations to be detected and quantified. On
the other hand, the diversity of coke species, as well as their
interconversion with reactants and products, pose difficulties in
tracking their detailed formation and evolution routes by
experimental methods. Although biaromatics and polyaro-
matics are often considered as the deactivating species in both
MTA and MTO/MTG, the formation pathways for these
species are still ill-defined. Related works are mainly conducted
on MTO/MTG while only limited efforts have been devoted
to the MTA process. In methanol conversion, it is generally
accepted that the transformation from monoaromatics to
polyaromatics results in the accumulation of coke.62,65,210,215

Based on the reaction of hexamethylbenzene over H-beta,
Bjørgen et al. observed that the lowest naphthalene derivative
was dihydro-trimethylnaphthalene.230 The disproportionation
of hexamethylbenzene resulted in pentamethylbenzene and
heptamethylbenzene ions and the rearrangement from
heptamethylbenzene ions to dihydro-trimethylnaphthalene
might be the first step in coke formation (Figure 12a).
Subsequent methylation and hydrogen transfer reaction lead to
the growth of aromatics rings, together with the self-
condensation of aromatics. Their findings were corroborated
by additional the mechanistic studies of co-feeding 13C-
methanol and 12C-benzene over three 12-ring topologies (H-
beta, H-MCM-22, and H-mordenite).231 Recently, Wang et al.
proposed another route for the formation of naphthalene.232

Using13C−13C two-dimensional (2D) solid-state NMR spec-
troscopy, they observed spatial proximities/interactions
between cyclopentenyl cations and aromatics. They postulated
that the carbocation-π interaction induced such stable
proximities, and the bimolecular reaction between aromatics
and cyclopentenyl cations provided a plausible route to
naphthalene as the precursor to coke species (Figure 12b).
Other researchers point at distinct oxygenates as key

deactivating species. Formaldehyde, as an intermediate species
during the methanol conversion, has attracted much attention
recently. Because of its high reactivity, formaldehyde is only
observed in low concentrations under typical MTH reaction
conditions. In a recent report, Pan et al. quantified the amount
of formaldehyde during MTO/MTG over H-SAPO-34 and H-
ZSM-5 by in situ synchrotron radiation photoionization mass
spectrometry (SR-PIMS).234 The yields of formaldehyde and
methane exhibited very similar time-resolved variations,
suggesting that the disproportionation of methanol was the
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dominant pathway to produce formaldehyde under the
conducted conditions. The authors claimed that formaldehyde
is directly involved in hydrogen transfer reactions of aromatics
leading to deactivating coke. For the MTA chemistry, Liu et al.
found that the addition of Zn to a zeolite ZSM-5 is also
promoting methanol dehydrogenation to formaldehyde, which
has a direct impact in aromatic production, but could also
contribute to a faster catalyst deactivation.162 Recent important
contributions from Olsbye, Lercher, Bhan, and Liu et al., shed
more lights on the coke formation mechanism involving
formaldehyde, and possible routes to form coke are illustrated
in Figure 12c.78,162,206,229,233,235−238 Formaldehyde can react
with olefins in acidic media via Prins, hydroacylation, and aldol
condensation reactions to give dienes and aromatics. Also, the
reaction between formaldehyde and benzene rings can lead to
polyaromatic formation. For example, Olsbye et al. found that
diphenylmethanes, an important coke precursor, is formed
during reactions with methanol and benzene as reactants via
methanol dehydrogenation to formaldehyde.237 By performing
catalytic experiments with 13C- and D3-labeled methanol, they
observed that the limiting step of the formation of diphenyl-
methanes is the dehydrogenation of methanol to form-
aldehyde. All those investigations pointed a direction on how
to mitigate the MTH deactivation, i.e., via suppressing the

generation of formaldehyde and/or promoting its decom-
position to CO and H2.

Structure Change of Metal Species. The deactivation of
the metal dehydrogenation functionality could lead to an
imbalance in active sites, which could be translated into a lower
aromatic yield or faster deactivation. These effects have been
hardly studied in MTA chemistry. Recently, Li et al. observed
the change of chemical state of surface zinc species during
MTA reaction by comparing the catalysts prepared by wet
impregnation (Zn(IM)/H-ZSM-5) and ion exchanging (Zn-
(IE)/H-ZSM-5).239 The surface ZnO particles on Zn(IM)/H-
ZSM-5 were gradually reduced to metal−zinc with the
progress of TOS and the conversion of methanol to COX
(both CO and CO2) increased, which undoubtedly decreases
the carbon atom utilization. In contrast, the Zn(IE)/H-ZSM-5
sample had lower and more stable selectivity to COX during
the entire reaction, because of the stability of ZnOH+.
Inspiration into the deactivation by changes in the metal
structure can be found from related studies in alkane
dehydrogenation.240−242 For example, Hensen et al. found
that the more active dimeric [Ga2O2]

2+ cations have a
tendency to decompose into the less-active reduced Ga+

cations in the absence of water during the propane
dehydrogenation, leading to a decreased conversion of
propane.160,243 Therefore, continuous addition of a suitable
amount of water was required to maintain a high steady-state
concentration of the hydroxylated reaction intermediate and
the associated stable catalytic performance. In another
example, Bell et al. found the H2-assisted transformation of
[GaH]2+ cations to inactive [GaH2]

+−H+ cation pairs could
cause the loss of activity in propane dehydrogenation.158

■ PART 2: CATALYST FINE TUNING FOR
METHANOL-TO-AROMATICS

The most important aspects for the design of MTA catalysts
are the aromatics selectivity and catalyst stability, i.e., the total
amount of methanol converted before deactivation. Figure 13
gives an overview of the different strategies to improve these
two aspects. In the following, we first show how to tailor the
MTA catalysts to achieve a high selectivity to aromatics, mainly
from the design of metal sites and the adjustment of zeolite
acidity. We then summarize recent achievements regarding the

Figure 12. Proposed formation routes for the deactivating species in
MTH reaction. (a) Formation of dihydro-trimethylnaphthalene and
coke species via the rearrangement from heptamethylbenzene ions.
(b) Formation of naphthalene from the reaction between aromatics
and cyclopentenyl cations. (c) Transfer dehydrogenation of methanol
to produce formaldehyde and alkylation of olefins and aromatics by
formaldehyde to produce coke. [Panel (a) was adapted with
permission from ref 230. Copyright 2003, Elsevier. Panel (b) was
adapted with permission from ref 232. Copyright 2020, Wiley. Panel
(c) was adapted with permission from ref 233. Copyright 2019,
American Chemical Society, Washington, DC].

Figure 13. Strategies to improve aromatic selectivity and catalyst
lifetime in the methanol-to-aromatics catalytic reaction.
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strategies to improve the catalyst stability, with a focus on
designing proper zeolite crystals with improved diffusion
properties.
Toward High Selectivity to Aromatics. Nature of the

Metal Sites. The introduction of metals such as Zn and Ga to
zeolites is mainly used to enhance the dehydrogenation ability
of the MTA catalyst, thus increasing the selectivity of
aromatics. Metal species can be introduced to zeolites (mainly
ZSM-5 for MTA) by various methods, predominantly by
mechanically mixing metal oxides with zeolites, direct hydro-
thermal synthesis, ion exchange, incipient wet impregnation,
chemical vapor deposition, and atomic layer deposition. The
preparation methods have an important influence on the
structural features of metal sites, such as the nature, loading,
and stability of metal species. In the previous section, we have
discussed the dehydrogenation mechanisms on Zn and Ga, for
which multiple configurations have been proposed as the active
sites. Next, we will discuss how to tailor the metal sites from
the view of various catalyst preparation, and try to give a hint
on the structures of the most active metal species based on a
thorough literature revision.
As a trivalent element similar to Al, Ga can be

isomorphously incorporated into zeolite framework to generate
bridging hydroxyl groups.244 Aluminogallosilicate and gallosi-
licate zeolites with MFI topology can be directly synthesized
by adding a suitable amount of gallium-containing species,
such as gallium nitrate, to the zeolite precursor solution,

followed by hydrothermal treatment. The replacement of Al by
Ga leads to a decrease in acid strength.134,245,246 Moreover,
compared to tetrahedrally coordinated Al atoms, Ga has a
lower stability in T positions and has a tendency to migrate to
extra-framework positions after thermal treatments.247−249

This is a facile method to produce well-dispersed extra-
framework Ga species in zeolites. It was found that such a high
dispersion of Ga facilitated the formation of active gallium
species, which have a good synergism with Brønsted acid
sites.250,251 Lin et al. prepared a series of nanosized [Al]-, [Ga,
Al]-, and [Ga]-HZSM-5 catalysts with a fixed Si-to-M3+ ratio
(M = Al or Ga) via the direct hydrothermal synthesis
method.43 Among all tested catalysts, [Ga, Al]HZSM-5 with a
total Ga/Al ratio of 0.5 but a low extra-framework Ga-to-
Brønsted acid ratio of 0.06, was found to be the most effective
in the methanol aromatization, exhibiting an initial aromatic
selectivity of 79.5% at 500 °C. Compared to Ga, the
incorporation of Zn into the MFI framework is more difficult,
and thus Zn could be easily removed to extra-framework
positions upon severe heating.252 Wang et al. reported that the
direct synthesized Zn-ZSM-5 had well-dispersed active extra-
framework Zn species.44 They also found that the addition of
Zn influenced zeolite crystallization, and the obtained ZSM-5
sample had small crystallite sizes. However, note that the direct
synthesis method possibly results in the formation of zeolite
crystals with decreased crystallinity. Moreover, the limited

Figure 14. Possible structures of active Ga and Zn species and their transformation under different reaction atmospheres. (a) Proposed structures
of Zn2+ ions in zeolites. (b) The transformation of ZnOH+ to isolated Zn2+ cations (O−Zn2+−O) or oxygen-bridged Zn2+ ion pairs (O−Zn2+−O−
Zn2+−O) by condensing with another Brønsted acid site or ZnOH+. (c) The transformation of Zn2+ ions under hydrogen treatment. (d) Proposed
structures of Ga ions in zeolites as highly dispersed species. (e) The formation process of Ga-ZSM-5 catalysts prepared by chemical vapor
deposition of trimethylgallium. (f) The formation process of Zn-ZSM-5 catalysts prepared by chemical vapor deposition of Zn vapor and
dimethylzinc. [Panel (a) was adapted with permission from ref 173. Copyright 2004, American Chemical Society, Washington, DC. Panel (b) was
adapted with permission from ref 151. Copyright 1998, Elsevier. Panel (c) was adapted with permission from ref 175 (Copyright 2012, Wiley) and
ref 258 (Copyright 2019, Wiley). Panel (e) was adapted with permission from ref 259. Copyright 2003, Elsevier. Panel (f) was adapted with
permission from ref 260. Copyright 2012, American Chemical Society, Washington, DC.]
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number of metals incorporated into the framework inhibits the
preparation of catalysts with high metal loadings.
Metal cations, small metal clusters, or nanoparticles can be

encapsulated in the aluminosilicate zeolites by exchanging the
charge-compensating cations with cationic metal precursors,
followed by thermal treatment. However, the limited number
of ion-exchangeable positions in zeolites inhibits a high metals
loading. The degree of ion exchanging is closely related to the
concentration of the metal precursor solution and repetition
times of ion-exchanging operation. Since the hydrated Ga3+

ions are too bulky to enter the elliptical channels of ZSM-5, a
pretreatment with hydrogen or hydrocarbon feed is generally
adopted.253,254 The sample reduction generates volatile
gallium(I) oxide which then diffuses through the ZSM-5
channels to produce more dispersed gallium species adsorbed
on the ion-exchangeable positions. Comparatively, the Zn
exchanging is relatively easier to occur over zeolites. On zeolite
beta, Lercher et al. found that well-defined Zn2+ species could
be prepared by controlling the degree of ion exchange (Figure
14a).173 Several techniques were used to provide insights into
the configuration of Zn2+ species, including IR spectroscopy,
temperature-programmed desorption, X-ray absorption spec-
troscopy, and 27Al NMR spectroscopy. At low zinc
concentrations, the isolated Zn2+ cations (O−Zn2+−O) were
preferentially formed, located in the vicinity of two framework
Al atoms. If the framework Al atoms were further apart, two
Zn2+ cations on Si−O−Al sites were bridged by an O atom,
forming a binuclear structure (O−Zn2+−O−Zn2+−O). At
higher zinc loading, zinc oxide (ZnO) was formed due to the

metal aggregation. Both isolated Zn2+ cations (O−Zn2+−O)
and oxygen-bridged Zn2+ ion pairs (O−Zn2+−O−Zn2+−O)
have been confirmed to be active in the dehydrogenation of
light alkanes by density functional theory (DFT) study.255,256

Considering the low aluminum density in H-ZSM-5 (Si/Al ≥
12), having two Al sites in close proximity is difficult.244 As a
result, ZnOH+ has been proposed as the dominant Zn2+

species in Zn-ZSM-5 catalysts after ion exchanging.44,176,257

By comparing the activity of Zn-containing H-ZSM-5 catalysts
prepared by various methods, Wang et al. found that there was
a linear relationship between the amount of ZnOH+ species
and the selectivity to aromatics in MTA (Figure 15a).44 This
possibly indicates that ZnOH+ is the most active Zn
configuration, especially for the Zn-ZSM-5 catalyst with a
high Si/Al ratio. DFT calculation also predicted that the
ZnOH+ stabilized in the 5-membered ring of the ZSM-5
framework was probably the most favorable and accessible
location for the Zn cations.176

When ZSM-5 has a relatively low Si/Al ratio and Al sites are
in close proximity, ZnOH+ was found to be unstable at high
temperature.151 The ZnOH+ can condense with another
Brønsted acid site or ZnOH+, forming isolated Zn2+ cations
(O−Zn2+−O) or oxygen-bridged Zn2+ ion pairs (O−Zn2+−
O−Zn2+−O) (see Figure 14b). Through X-ray absorption and
temperature-programmed reduction studies, Iglesia et al. found
that Zn2+ was not reduced to zerovalent species during
propane dehydrogenation at 773 K.151 In contrast, the surface
ZnO crystals can be reduced to metallic Zn. The surface ZnO
and metal−zinc were recently identified as the reactive sites for

Figure 15. (a) Correlation between the selectivity to aromatics at a TOS of 12.5 h and the surface amount of ZnOH+ species in Zn-containing H-
ZSM-5 catalysts prepared by various methods. Zn(IE)/ZSM-5, Zn(DS)/ZSM-5, Zn(IM)/ZSM-5, and Zn(PM)/ZSM-5 stand for the samples
prepared by ion-exchange, direct synthesis, incipient wet impregnation, and mechanically grinding the physical mixture of H-ZSM-5 and ZnO
powder, respectively. The codes of samples are also applied to the images in panels (c) and (d). (b) 67Zn HS-QCPMG NMR spectra of H-ZSM-5
and Zn-ZSM-5 samples with different Zn loading prepared by incipient wet impregnation method. (c) NH3-TPD profiles, and (d) FT-IR spectra of
pyridine adsorption of H-ZSM-5 and Zn-containing H-ZSM-5 zeolites. (e) Relationship of the acidity and specific yield of BTX in MTA reaction
over Zn/NZ (Zn-ZSM-5) catalysts. Reaction conditions: 0.1 MPa, 450 °C, 0.5 g catalyst, PCH3OH = 20 kPa, total flow rate = 25 mL min−1, and TOS
= 3 h. (f) Three-dimensional (3D) pore system of ZSM-5 zeolites, consisting of straight and zigzag channels. Labels “a”, “b”, and “c” in panel (f)
indicate the orientation of the pores. The possible position of Al sites are indexed with circles of different colors. [Panels (a), (c), and (d) were
reprinted with permission from ref 44. Copyright 2014, Elsevier. Panel (b) was reprinted with permission from ref 170. Copyright 2016, Wiley.
Panel (e) was reprinted with permission from ref 51. Copyright 2014, American Chemical Society, Washington, DC.]
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the undesired conversion of methanol to COx and H2.
239

Actually, the reduction of Zn2+ can be achieved by the thermal
treatment of Zn-ZSM-5 zeolites under hydrogen atmosphere
(Figure 14c).175,258 Fan et al. proposed that the binuclear O−
Zn2+−O−Zn2+−O can be reduced in a reducing atmosphere
starting above 300 °C.258 The formation of Zn+ occurring on
the Zn0 and BAS could accelerate the formation of ZnOH+,
thus improving the ethene aromatization selectivity at 470 °C,
from 62.3% for the nonreduced sample, to 67.4% for the
reduced sample.
Impregnation followed by drying and thermal treatment

(calcination, reduction) is widely applied for preparing
industrial supported-metal catalysts, because of its simplicity
and scalability. Metal nanoparticles can be dispersed on the
zeolite support with adjustable metal loadings. Although the
obtained catalysts offer poor control over the metal particle
size and generally have a broad particle size distribution and
chemical nature, with part of the nanoparticles located on the
external zeolite surface, small metal clusters and even metal
ions can still be confined in the zeolite micropores. For
example, both Zn2+ ions and ZnO nanoparticles have been
observed upon post-treatment of H-ZSM-5 zeolite powder or
shaped catalyst by impregnation with an aqueous solutions of
zinc salts.44,48,261 Using 67Zn MAS NMR, Deng et al. attributed
the chemical shift of 238 and 224 ppm to ZnO and Zn2+,
respectively (see Figure 15b).170 Both two signals increased
with the Zn loading, and a much higher increase for the ZnO
signal was observed. This trend was also observed over the Ga-
ZSM-5 catalysts prepared by impregnation, where a higher
Ga2O3 nanoparticles to Ga ions ratio is obtained when
increasing Ga loading.49,191 For Ga-ZSM-5 catalysts, a series of
reduction−oxidation operations for as-prepared samples are
required to get the most active state.168,262 It has been stated
that these dispersed species can be gallyl ions ([GaO]+),
isolated Ga+, and gallium hydride species ([GaH]2+, [GaH2]

+),
depending on the post-treatment conditions (Figure
14d).155,160,167,168,177,178 Although dispersed Ga species
generally displayed higher activity than GaOx aggregates, the
structure of the most active Ga site is still under debate.
[GaH]2+ is possibly the most active site, as Lercher and Bell
suggested recently for propane dehydrogenation (Figure
7c).157,158

Chemical vapor deposition (CVD) has also been employed
to introduce Ga and Zn species into zeolites. By careful
operation, the catalysts prepared can possess the same type of
metal species. Sublimation of GaCl3 is an efficient approach to
deposit cationic Ga species directly into the micropores,
replacing Brønsted acid sites.263 Based on this method, Bell et
al. recently prepared a series of Ga/H-MFI samples with
varying Ga/Al ratios (0.05−0.5).158 This method could also
“heal” the defects in zeolite as some Ga ions can be
incorporated into the framework by reaction with silanol
groups.263 Alternatively, Ga-ZSM-5 catalysts can be prepared
via CVD of trimethylgallium (TMG) at room temperature
with subsequent removal of the methyl groups by treatment
with hydrogen, oxygen, or water at high temper-
atures.160,167,259,264 To avoid the undesired reaction between
surface silanol groups with TMG, the zeolite external surface is
first passivated by silylation. The deposition of TMG in the
silylated ZSM-5 results in a Ga/Al ratio close to unity, which
indicates an almost complete replacement of Brønsted acid
sites (see Figure 14e).259 Van Santen and Hensen asserted that
the state of Ga species was dependent on the treatment

conditions after deposition.160,167,259,264 The methyl ligands of
the Ga(CH3)2 species can be removed by reduction in
hydrogen, resulting in the formation of Ga+ and [GaH2]

+

species. The further oxidation of the reduced Ga+ species
yielded predominantly GaO+ species. In contrast, direct
oxidation of the Ga(CH3)2 species gave rise to various forms
of gallium oxides and the regeneration of Brønsted acid
protons. With regard to Zn-ZSM-5, isolated Zn2+ ions (O−
Zn2+-O) have been incorporated into H-ZSM-5 by chemical
reaction between zinc vapor and Brønsted acid sites of the
zeolite at high temperatures (Figure 14f).265,266 Besides,
dimethyl zinc (DMZ) was also used in the CVD method to
prepare Zn-ZSM-5. Similar to the preparation of Ga-ZSM-5 by
TMG, the methyl ligands of the Zn(CH3) can be removed by
higher temperature treatment with hydrogen, oxygen, or water,
leading to Zn2+ ions or ZnnOm

n+ clusters.171,260 Derived from
the CVD method, an atomic layer deposition (ALD) approach
is also used to prepare MTA catalysts.60,61,154 Xiao and co-
workers found that the catalytic performance of catalysts was
closely related to the number of ALD cycles. The optimized
catalyst prepared with 40 ALD cycles produced a 2-fold
increase in BTX aromatics (60.3%), compared to the parent H-
ZSM-5 (28.3%).61

Besides Ga and Zn, other metals-modified H-ZSM-5
catalysts have also been tested in MTA. Ag-ZSM-5 is active
in MTA but Ag+ can be easily reduced to inactive Ag
metal.135,138 Cadmium-modified H-ZSM-5 displays better
activity than Zn-ZSM-5, but the toxicity of cadmium possibly
inhibited the application of such catalyst.141 The introduction
of Mo to Zn-ZSM-5 could increase the selectivity to aromatics,
but the sintering of Mo resulted in the loss of activity after
continuous reaction−regeneration cycles.267 The introduction
of La to Zn-ZSM-5 has led to higher BTX yield, while the main
function of La was found to increase catalyst lifetime.50,268

Influence of Zeolite Acidity. As discussed above, the
concentration and strength of acid sites may influence product
selectivity in MTA. Generally, an increase in Brønsted acid
sites promotes hydride transfer and cyclization reactions, thus
facilitating the formation of aromatics. For the MTA catalysts,
the introduction of Zn or Ga to zeolites can also modify the
acidity of zeolites. Using NH3-TPD and FT-IR, Wang et al.
investigated the variation of acidic properties over H-ZSM-5
and Zn-ZSM-5 catalysts.44 From the NH3-TPD profile, the
amount of strong, medium, and weak acid sites, as measured by
desorption of ammonia at 300−550, 200−300, and 120−200
°C, were quantified (see Figure 15c). The number of acid sites
with medium acid strength showed an increase in all metal-
modified samples. The redistribution of the Lewis and
Brønsted acid sites was explored by FT-IR using pyridine as
probe molecule. The band at 1545 cm−1 was attributed to the
pyridinium ions caused by the chemisorption of pyridine on
Brønsted acid sites, and the band at 1454 cm−1 was ascribed to
the pyridine adsorbed on Lewis acidic EFAL or Zn sites (see
Figure 15d). The introduction of Zn resulted in the generation
of new LAS at the expense of BAS. The adverse effect for
aromatic formation caused by the decreased Brønsted acidity
was compensated by the improved dehydrogenation function-
ality of Zn. As a result, all the Zn-containing samples exhibited
higher selectivity to aromatics compared to H-ZSM-5. The
concentration of BAS also influences the formation rate of
coke. Based on catalysts with similar Zn contents, Olsbye et al.
observed that catalysts with the higher density of Al sites
deactivate more rapidly.176 By correlating the concentration of
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both Brønsted and Lewis acid sites with the specific yield of
BTX, Zhang et al. found that the catalyst with a 0.5 wt % Zn
loading and a B/L ratio of ∼0.35 displayed the highest specific
BTX yield of 0.83 g h−1 gcat

−1 (see Figure 15e).51 This can be
accounted for by both the promoted formation of BTX after
introducing Zn and the moderate generation rate of coke over
this sample.
Intraparticle aluminum distribution is a parameter that

influences the catalytic performance of MTA catalysts. As the
most important isomer of xylenes, p-xylene (PX) can be
converted to terephthalic acid, which is one of the precursors
of polyethylene terephthalate (PET), and thus improving the
percentage of PX in the total xylenes is crucial for the
valorization of methanol. To avoid the undesired isomerization
of p-xylene, the external surface of ZSM-5 crystals can be
passivated by metal oxides (Si,269,270 Mg,271 P,272 La,273 and
B274). By depositing silica on the Zn/P/ZSM-5 crystals, Qian
et al. found that the PX selectivity (in the X isomers) can be
enhanced from 20%−30%, to 89.6%.52 Alternatively, Miyake et
al. found that modifying the Zn-ZSM-5 crystals with a silicalite-
1 (MFI topology without aluminum) shell was also effective,
and the PX selectivity could be increased to be >99%.275

Process Optimization at the Reactor Level. So far, it is
known that efficient MTA catalysts can be prepared by fine-
tuning the structure of metal sites and the acid properties of
the zeolite. However, to realize the full potential, several other
factors must be taken into consideration. Table 2 lists several

important parameters at the process and reactor level that
could influence the catalytic performance of MTA catalysts,
and, obviously, the associated pros and cons must be balanced.
The increase of reaction temperature generally leads to an
increased aromatics selectivity, while the secondary reactions
from light aromatics to C9+ aromatics and coke are also
favored. As a result, the highest BTX yield is usually achieved
under an optimal temperature range (425−475 °C).51 Since
the formation of aromatics requires a longer residence time
than that of MTO, the increased contact time could facilitate
reactions of alkanes or alkenes, resulting in the formation of
more aromatics. Over a Zn-ZSM-5, Zhang found that the
yields of C1−C4 and C5+ aliphatics slightly decreased with
prolonged reaction contact time, while the yields of benzene
and toluene initially increased and then remained constant.51

Varying the methanol pressure also influences the formation of
aromatics. Very recently, some of us discovered that high
pressures enhance the production of aromatics and stability of
H-ZSM-5 zeolites.276 The high partial pressure of olefins
formed promotes their hydrogen transfer toward aromatics,

whereas the high pressure of water formed upon methanol
conversion decreases the formation of coke species and
improve catalyst lifetime.276 Moreover, co-feeding some
organic molecules with methanol could also increase the
aromatics selectivity and a good example is by co-feeding
formaldehyde.238 The addition of formaldehyde promotes the
formation of aromatics by strengthening the Prins, hydro-
acylation, aldol reactions, while its role in accelerating coke
formation is also an issue.78,161,162,238

Novel reactor design could also increase the BTX yield.
From a single-stage fluidized bed, the group of Qian proposed
two-stage fluidized-bed and three-stage fluidized-bed concepts
for MTA operation.277−280 The first stage of the bed, at the
bottom of reactor, was loaded with Zn-ZSM-5 catalysts and
was used for primary methanol aromatics at 470 °C. The
remaining alkane and alkene products from the first stage of
the bed would then be further transformed to aromatic
products in the second and/or third stages of the bed under
suitable temperatures, because of their different aromatization
activities, compared to methanol. As a result, the final yield of
BTX was improved and the spent catalyst can be regenerated
by coke burning. For details about the reactor technology, we
invite the reader to refer to the summary work from the group
of Qian.10

In summary, by adopting different catalyst preparation
methods, Zn and Ga can be introduced to zeolites with
different metal structures having different activities in the
methanol aromatization process. The increased amounts of
ZnOH+ or [GaH]2+ species possibly lead to high selectivity of
aromatics considering these species are found to be very active.
The acidic properties of zeolites influence the selectivity of
aromatics as well as the methanol conversion capacity. The
distribution of aluminum sites could influence the aromatic
product distributions, and how to control the aromatic
selectivity by controlling the aluminum positions in the T-
sites of ZSM-5 crystals must to be explored. Last but not least,
choosing suitable reaction conditions and adopting reactor
design are also important to realize the full potential of the
MTA catalysts.

Toward Improved Catalyst Stability. Zeolites with
Improved Diffusion Properties. In MTA, the deactivation of
catalysts is a key parameter to investigate. To ensure the stable
and high production of aromatics before the regeneration of
spent catalysts, improving the resistance of catalysts to coke
formation is necessary. By decreasing the aluminum content in
zeolites or introducing rare-earth metals, we can vary the acid
properties of zeolite-based catalysts to slow down the coke
formation. As to the ZSM-5 zeolite, the purely microporous
channels not only bring an optimal shape selectivity to produce
BTX products, but also lead to slow diffusion of bulky
reactants and products. To overcome the diffusion limitations,
using zeolites with improved diffusion properties is an
alternative approach. This effectively mitigates the deactivation
of the MTA catalysts, since the coke precursor species can be
rapidly transported outside of zeolite crystals before under-
going secondary reactions to form coke.46,47,57−59,281−285

Decreasing the crystal size of zeolites is a practical approach
to facilitate the molecular transport by shortening the diffusion
length. For a long period, synthesizing nanosized zeolite
crystals, especially with at least one dimension below 100 nm,
has been one important field in zeolite research.286−288

Available approaches are generally classified into two
categories, namely, conventional and nonconventional syn-

Table 2. Pros and Cons by Adjusting the Reaction
Parameters for MTA

parameter pros cons ref

temperature
increase

promotes alkene and
alkane dehydrogenation

promotes secondary
reactions and coke
formation

51

residence time
increase

facilitates conversion of
alkane and alkenes to
aromatics

promotes coke
fromation

51

pressure
increase

olefin pressure promotes
aromatic selectivity

water pressure promotes
dealumination of
zeolites

276

water pressure reduces
coke formation

formaldehyde
co-feeding

enhances the aromatics
selectivity

promotes coke
formation

162
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thesis. For the conventional route, it was found that the
systems with abundant nucleation yield small crystallites
(Figure 16a).287 The effects of different parameters, including
the nature and contents of template molecules,289 aging
process,290 temperature, time of crystallization,291 and water
content292,293 on the crystal size of ZSM-5 zeolites have been
addressed in detail. By adding different amounts of colloid
silicalite-1 seeds in the synthesis gel, Wang et al. found that the
crystal size of ZSM-5 zeolites decreased with the increase of
the amount of silicalite-1 seeds (Figure 17a).48 The resulted
crystals with varied sizes (from 0.25 μm to 2 μm) also
possessed different distributions of Zn species (ZnOH+ and
ZnO) after Zn doping. As a result, the smallest Zn-ZSM-5
catalysts with a large portion of ZnOH+ species exhibited both
the highest selectivity to aromatics and the longest lifetime in
the MTA reaction (Figure 17a). Using urea as an additive to
hinder the growth of ZSM-5 crystals along the b-axis, Qian et
al. synthesized a nanosized ZSM-5 with a short b-axis around
60 nm (Figure 17b).53 The combination of high-resolution
high-angle annular dark-field scanning transmission electron
microscopy (HR HAADF-STEM) and integrated differential

phase contrast (iDPC) imaging techniques clearly revealed
that all straight channels were fully opened. This feature
enabled a fast diffusion of aromatic products from the (010)
crystal plane, and, therefore, with almost 100% methanol
conversion was achieved on the Zn-modified ZSM-5 catalysts
within ∼300 h at 475 °C. However, note that ∼70% aromatic
product was trimethylbenzenes and heavier multimethylben-
zene, and the BTX selectivity was <30%.
For the nonconventional route to synthesize nanosized

crystals, limiting the Ostwald ripening is generally achieved by
confining the space of zeolite growth with the aid of different
sacrificial templates (see Figure 16b).287 For example, using
the porous carbon material as an inert template, the
crystallization of zeolites can be completed inside the pores
if the entire synthesis gel is loaded exclusively into the matrix
pores.294 Consequently, the nanosized zeolite crystals with
high quality can be obtained after the template removal. The
dry gel conversion (DGC) method to synthesize zeolites has
attracted attention recently, since it increases the solid yield of
zeolites while minimizing the yield of waste during zeolite
synthesis.295 The solid part (such as zeolite precursor powder)

Figure 16. Strategies to synthesize nanosized zeolite crystals possessing intercrystalline mesopores and the hierarchically structured zeolites
possessing intracrystalline mesopores. (a) Relationship between the number of nuclei in the mother gel and the ultimate crystal size of zeolites. The
systems with abundant nucleation yield small crystallites, whereas the ones that generate a few nuclei provide relatively large crystals. (b) Confined-
space synthesis of nanosized zeolite crystals by using porous template materials. The key of this strategy is limiting the zeolite growth exclusively in
the template pores. (c) Dry gel conversion (DGC) method to synthesize zeolites. The solid part and the liquid part are separated initially.
Depending on whether the solution contains a structure-directing agent or not, both vapor-phase transport (VPT) and steam-assisted crystallization
(SAC) are used as the DGC routes. (d) The bottom-up approach to synthesize hierarchically structured zeolites by using “porogen” to create
mesopores. The shape and size of mesopore is closely related to the properties of “porogen”. (e) Top-down approach to introduce intracrystalline
mesopores by demetalation, including dealumination and desilication. (f) Various mesopore formation circumstances for MFI zeolites after
desilication. Different distributions of aluminum lead to the formation of either the hollow structure or the randomly distributed mesopore, and
larger mesopores are preferentially located at the defective area such as the intergrowth boundaries. The rim part of MFI crystals is more robust
compared to the inner part and more leaching-induced mesopores are arranged along the b-axis.
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is placed in a top Teflon basket with holes, while the liquid
(such as water) is located at the bottom of a liner (Figure 16c).
By heating the solution, the liquid vaporizes and zeolite
crystallization is completed with the help of steam. Employing
the DGC method, Qian et al. obtained nanosized ZSM-5
crystals that possessed a uniform size and tunable Si/Al molar
ratio.54 The nanosized Zn-ZSM-5 with a Si/Al ratio of 60
(designated as Zn/NZS-60) exhibited an almost 25-fold longer
catalytic lifetime (defined as the time at which the catalytic
conversion decreases by 50%), compared with the conven-
tional micrometer-sized Zn/CZS-60 catalyst (Figure 17c).
Analysis of the spent catalysts revealed that such nanosized Zn-
ZSM-5 crystals had higher capacity for holding coke and also
exhibited a slower coke formation rate. Notably, the selectivity
of 1,2,4-trimethylbenzene and heavier aromatics took 70% of
the total aromatics products. This was in considerable contrast
with the observed results over the micrometer-sized Zn-ZSM-5
catalysts, where the BTX comprised the main portion (78%) of
aromatic hydrocarbons. Such a difference can be assigned to
the larger external surface of nanosized zeolites where surface
strong acids could transform the xylene into heavier
components. To increase the BTX percentage and meanwhile
preserve good catalyst stability, using the DGC route, Qian et
al. also prepared a catalyst with nanocrystallite self-assembled
hierarchical structure containing abundant intercrystalline
mesopores (Figure 17d).55 This catalyst somehow suppressed
the reaction of xylene to C9+ aromatics and meanwhile

facilitated the molecular transport by possessing abundant
intercrystalline mesopores.
Hierarchically structured zeolites possessing intracrystalline

mesopores with the zeolite intrinsic micropores are effective in
prolonging the lifetime of catalysts.296−301 For a given zeolite
framework, there are generally two routes to introduce
mesopores or macropores into the system. The first one is
the bottom-up approach involving the incorporation of
“porogen” during zeolite synthesis that is subsequently
removed through leaching or thermal treatment (see Figure
16d). Using the Ga-immobilized carbon nanotubes as hard
templates, Lin et al. recently prepared hierarchical Ga-ZSM-5
catalyst (see Figure 17e).45 The well-dispersed Ga species and
the presence of abundant mesopores led to enhancements of
both aromatics yield and deactivation resistance of the catalyst.
The second way to create mesopores is the top-down
approach. In this instance, purely microporous zeolites are
prepared first, and subsequently mesopores/macropores are
generated by post-synthesis treatment to partially remove
aluminum (dealumination) and/or silicon (desilication) atoms
from the zeolite framework (see Figure 16e).296 For example,
steaming or acid treatment of zeolites are widely used to
introduce mesopores, while the loss of acid sites associated
with dealumination might bring about an adverse effect for the
reactions catalyzed by the Brønsted acid sites.
In contrast, desilication of zeolites by base leaching approach

is effective to create intracrystalline mesopore while keeping

Figure 17. Representative catalysts using either nanosized crystals or hierarchical structured crystals of ZSM-5 to improve catalyst stability in the
conversion of methanol (mainly for MTA). (a) SEM images and the catalytic performance of the Zn-ZSM-5 catalysts with different crystal sizes
during MTA. The crystal size of zeolites decreased as the amount of the silicalite-1 seeds in the gel increased (the percentages of seeds are indicated
in the images). Reaction conditions: 390 °C; WHSV of methanol: 3.2 h−1. (b) Electron micrographs of the nanosized ZSM-5 crystals with a short
b-axis of ∼60 nm. The Cs-corrected TEM and iDPC-STEM images of the sample were taken along the b-axis of a crystal, where fully opened
straight pores can be viewed clearly. (c) Methanol conversions and overall aromatics selectivity over the nanosized Zn/NZS-60 prepared by the
DGC method and the conventional micrometer-sized Zn/CZS-60, as a function of TOS. The inset indicates the TEM image of Zn/NZS-60 with
an average size of 50 nm. Reaction conditions: 475 °C, WHSV of methanol = 0.75 h−1. (d) SEM images of the bayberry-like zeolite catalyst with a
micrometer-thick shell and numerous zeolite nanowires vertically grown on the shell with good alignment. (e) TEM image of the hierarchical
structured Ga-ZSM-5 catalyst prepared by using the carbon nanotube as the template based on a bottom-up route. (f) TEM image of hierarchical
Zn-ZSM-5 catalysts prepared by leaching in a base solution containing NaOH and cetyltrimethylammonium bromide (CTAB) with the addition of
Zn(NO3)2. [Panel (a) was reprinted with permission from ref.48. Copyright 2017, Elsevier. Panel (b) was reprinted with permission from ref 53
Copyright, 2016, Royal Society of Chemistry. Panel (c) reprinted with permission from ref 54. Copyright 2014, Royal Society of Chemistry,
London. Panel (d) was reprinted with permission from ref 55. Copyright 2016, Royal Society of Chemistry, London. Panel (e) was reprinted with
permission from ref 45. Copyright 2019, American Chemical Society, London. Panel (f) was reprinted with permission from ref 56. Copyright
2016, Springer.]
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most of acid sites. The systematic studies by Groen et al. over
ZSM-5 confirmed that controlled desilication mainly induces
the formation of intracrystalline mesoporosity, while preserving
most of the original zeolite microporosity.302−305 The formed
mesoporosity is affected by the nature and concentration of the
base solution,306,307 the temperature, and the time of
leaching.308 Besides, adding some template agents to the
base solution could produce zeolite crystals with either
enclosed mesopores (that can be only accessed from
micropores in the crystal rim) or regularly arranged mesopores
(that have well-defined shapes).306,309,310 A suitable Si/Al ratio
range is important to adjust the mesoporosity development,
since the zeolite crystals with a very high aluminum content
would be resistant to the desilication while the structure of
those with an aluminum content that is too low might
collapse.302 By studying the various mesopore formations of
ZSM-5 crystals, van Bokhoven et al. recently specified the
relationship between the compositional and structural proper-
ties of zeolites and the formation of mesopore/macropore (see
Figure 16f).311 For zeolite crystals with uniform aluminum
distribution, leaching-induced mesopores are often randomly
distributed while the crystals with aluminum zoning can be
created into a hollow structure.305,307 Also, the location of
defects, such as the areas having internal silanols and
intergrowth boundary, can form mesopore more easily.312−314

Tan and co-workers recently prepared the mesoporous H-
ZSM-5 catalyst by leaching the parent H-ZSM-5 zeolite in a
base solution containing NaOH and cetyltrimethylammonium
bromide (CTAB), as well as the mesoporous Zn-ZSM-5

catalyst by adding Zn(NO3)2 to the base solution.56 It was
found that the CTAB-mediated base leaching had little effect
on the morphology of zeolite crystals while lots of mesopores
were introduced inside the crystals (see Figure 17f). The MTA
test results indicated that the methanol conversion over
traditional microporous H-ZSM-5 catalyst rapidly decreased to
66% after 24 h, while the conversions for mesoporous H-ZSM-
5 and Zn-ZSM-5 catalysts slowly decreased to 78% after 189
and 117 h, respectively.
One last aspect that should be considered when following

this approach is the fact that hierarchical zeolites will lead to
the formation of, overall, higher amounts of coke in the
reactor, because of their higher deactivation resistance. This
may create problems during catalyst reactivation, especially in
fixed-bed-based processes.

Improving Catalyst Lifetime by Co-feeding Other
Reactive Organic Molecules. With the main purpose to
disclose the mechanism details in the methanol conversion
over zeolites, co-feeding various molecules with methanol is
considered as an effective methodology to study the trans-
formation of the possible intermediate species and their
relationship with the generated products. Actually, co-feeding
some hydrocarbons with methanol has been proven to
influence the catalyst lifetime by affecting the coke formation
rate over zeolites. Lercher et al. found that adding olefins or
higher alcohols with methanol resulted in a remarkable longer
catalyst lifetime in MTO conversion.102 The resulting
promotion of catalyst stability was attributed to the enhanced
methylation rate for methanol, compared to the formation rate

Figure 18. Methanol conversion and hydrocarbon product distribution over 4% Ga-ZSM-5 catalysts at 723 K and with a TOS of 40 h, using
methanol or a mixture of methanol and n-butanol as reagents. The concentrations of methanol in the methanol and n-butanol mixture shown in the
figures are in the ranges of 100%−50%. [Reprinted with permission from ref 210. Copyright 2018, American Chemical Society, Washington, DC.]
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of deactivating species. As the role of formaldehyde is gradually
disclosed, now a more clear scenario is that the cofed olefins
and higher alcohols mainly promote the methylation of
methanol in the olefinic cycle and thus less formaldehyde is
produced from methanol disproportionation or dehydrogen-
ation, resulting in a prolonged catalyst lifetime.78 Extending to
MTA, Xu et al. has studied the co-aromatization process of n-
butane and methanol, and they observed that the introduction
of n-butane into the feed can effectively slow the deactivation
rate over a Zn-containing ZSM-5/ZSM-11 catalyst.315 Later, Li
et al. studied the effect of n-butanol co-feeding on the MTA
process over Ga-ZSM-5 catalysts in detail by varying the
methanol and n-butanol ratios.210 With the gradual increase of
the n-butanol ratio in the feed, the selectivity to aromatics
gradually decreased, while the full conversion of methanol was
prolonged from 17 h in the pure methanol feed to more than
40 h after co-feeding (see Figure 18). Notably, under the
optimum ratios of methanol and n-butanol, such as 85%
methanol and 15% n-butanol, the selectivity of BTX products
was even higher than that in the pure methanol test.
Computation results indicated that the n-butene was
preferentially formed at first from n-butanol, which then
promotes the methanol methylation and thus suppressed the
formation of C9+ aromatics and coke.
Overall, preparing MTA catalysts by using nanosized or

hierarchically structured ZSM-5 crystals as the zeolite
constituent can improve the diffusion of coke precursors and
thus prolong the lifetime of MTA catalysts. The usage of
nanocrystals could lead to a decreased percentage of the BTX
in the total aromatic products. Various intracrystalline
mesopores can be introduced by desilication of ZSM-5
zeolites, and fine-tuning the shape, size, density of mesopores
as well as their connection with micropores need considering
both the crystal properties and the base-leaching conditions.
The strategy of co-feeding molecules such as n-butane and n-
butanol with methanol is also an effective strategy to prolong
the lifetime of MTA catalysts.

■ PART 3: THE ROLE OF
METHANOL-TO-AROMATICS IN OTHER
CATALYTIC REACTIONS

The valorization of COx, including CO and CO2, are hot
research subjects in the chemistry community. A two-step
conversion route can be used to transform COx to the desired
aromatics: the hydrogenation of COx in H2 atmosphere
produces methanol first, and then methanol can be trans-
formed to aromatics using an MTA protocol. From the process
intensification view, combining the above two processes into
one, i.e., direct conversion of COx into aromatics, can greatly
decrease the equipment and operation costs. An overview of
the different steps during the production of aromatics via
methanol/DME route from COx is described in Figure 19. The
recent development of composite catalysts (a combination of
metal oxide and zeolite) offers good platforms for such a
conversion. In this part, we discuss the direct conversions of
CO and CO2 to aromatics from the heterogeneous catalysis
view. By comparing their reaction similarities and dissim-
ilarities with the MTA system, we expect that the insights
provided here would let the readers be aware of the importance
and interactions of MTA with other reaction systems.
Syngas to Aromatics. As one of the most important C1

chemistries, the transformation of syngas (CO/H2) into value-
added products is important for the utilization of non-

petroleum carbon resources.316−318 A variety of products
including liquid fuels (gasoline, diesel fuel, and jet fuel),
methanol, olefins and aromatics can be obtained from
syngas.319 As a well-established technology, Fischer−Tropsch
synthesis (FTS) route is widely employed for the utilization of
syngas. The FTS process generally consists of four key steps,
including the dissociation of CO and H2, formation of surface
CHx (x = 0−3) species, coupling of CHx species for the C−C
bond formation, and dehydrogenation or hydrogenation of
CnHm intermediates to produce olefins or paraffins.320 The
FTS products typically follow the Anderson−Schulz−Flory
(ASF) distribution, and the maximum selectivities of C2−C4
(including olefins and paraffins), C5−C11 (gasoline), C8−C16
(jet fuel), and C10-C20 (diesel) hydrocarbons are evaluated to
be 58%, 48%, 41%, and 40%, respectively.319,321 Recent syngas-
related studies mainly focus on how to break the ASF
distribution to enhance the selectivity of a specific product. By
coupling a FTS catalyst (Fe, Co, Ru-based) with a solid acid
catalyst (typically zeolite), the integrated bifunctional catalysts
can produce gasoline- or diesel-range hydrocarbons as the
major products.322−326 It is generally accepted that the syngas
is first converted into a mixture of hydrocarbons on metal
nanoparticles, followed by hydrocracking and isomerization of
heavier hydrocarbons on Brønsted acid sites of zeolites.
Topology, acidity, and mesoporosity of zeolites as well as the
sizes of metal nanoparticles are most variable parameters to
target a specific range of liquid fuels from syngas.327,328 For
instance, Tsubaki et al. recently showed that the selectivity of
liquid fuels can be adjusted flexibly by modulating the types of
metal cations in mesoporous Y zeolite.329 Both the Co/Na-
meso-Y and Co/K-meso-Y catalysts showed higher selectivity
to C10−C20 hydrocarbons (diesel range, 58%), while the Co/
Ce-meso-Y catalyst showed higher selectivity to C5−C11
hydrocarbons (gasoline range, 74%).
The direct conversion of syngas to aromatics (STA) is a

promising route to meet the increasing worldwide market
demand for the aromatic products. The STA reaction can
proceed via olefin or methanol/DME as intermediates (see
Figure 20a). For the olefin intermediate route, an efficient STA
catalyst must possess a highly selective component for the
Fischer−Tropsch synthesis to olefins (FTO) conversion. By
optimizing the structure of FTO catalyst, it has been
demonstrated that the C2−C4 olefin selectivity can be
increased to the upper limit value predicted by the ASF
distribution (58%).332−334 Next, the intermediate olefins

Figure 19. Overview of the different catalytic steps in the direct
conversion of COx into aromatics via a methanol-mediate route.
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undergo transformation to aromatics over a solid acid
component. Combining Fe/MnO and Ga-ZSM-5 as the
composite catalyst, Guan et al. reported a 40.4% selectivity
of aromatics for the syngas conversion at 543 K and syngas
(H2/CO = 2) pressure of 1.1 MPa.335 Ma et al. prepared a
catalyst integrating the Na−Zn−Fe5C2 with a hierarchical H-
ZSM-5, which produced aromatics with a selectivity of 51% at
613 K and syngas (H2/CO = 2.7) pressure of 2.0 MPa.336 Ding
et al. reported a catalyst composed of Fe3O4@ MnO2 and
hollow H-ZSM-5, and the aromatics selectivity was 57% at 593
K and syngas (H2/CO = 1) pressure of 4.0 MPa.337 However,
generally, the selectivity to aromatics via the olefin
intermediate route (FTS route) is hard to reach a very high
level.
Alternatively, aromatics can be produced from syngas via

methanol/DME as intermediates followed by a MTA process.
The catalysts employed also have two components, one of
which is responsible for methanol synthesis and the other is
responsible for methanol aromatization. Kraushaar-Czarnetzki
et al. have used the combination of Cu/ZnO/λ-Al2O3 and H-
ZSM-5/λ-Al2O3 to increase the selectivity of gasoline-range
hydrocarbons from syngas.338 By using a sequential combina-
tion of Cu/ZnO/λ-Al2O3 (upstream, at 543 K) and H-ZSM-5/
λ-Al2O3 (downstream, at 623 K) in a nonisothermal reactor, a

30% selectivity of aromatics was obtained after syngas
conversion. However, when the two components were mixed
together, undesired paraffins became the major product. The
overproduction of light paraffins was also observed when using
Pd/SiO2/H-ZSM-5 as the STA catalyst.339 The reason is that
the olefins produced from methanol could be easily hydro-
genated to form paraffins over the Cu-based or Pd-based
catalysts when the reaction was performed under the typical
aromatization temperatures.338−341 Therefore, the conven-
tional low-temperature (≤573 K) syngas-to-methanol syn-
thesis catalysts is not suitable for directly converting syngas to
aromatics, because of their strong hydrogenation ability under
typical aromatization temperatures.
Using a high-temperature methanol synthesis catalyst is the

key to increase the selectivity of aromatics. A breakthrough was
recently reported by Wang et al., based on the composite
catalyst ZnO−ZrO2/H-ZSM-5.330 This bifunctional catalyst
showed an outstanding aromatic selectivity of 80% (CO2-free)
at a CO conversion of 20% at 673 K and syngas (H2/CO = 2)
pressure of 3 MPa. Previously, the same group also reported
that the combination of ZnO−ZrO2 and H-SAPO-34 or H-
SSZ-13 exhibited high selectivity to light olefins in the syngas
conversion.342,343 ZrO2 with surface oxygen vacancies was
responsible for CO activation, catalyzing the formation of

Figure 20. (a) Different routes for the direct transformation of syngas into aromatics via olefins and CH3OH as intermediates. (b, c) Effect of
temperature on the syngas conversion over (b) 0.1 g ZnO−ZrO2 and (c) 0.3 g ZnO−ZrO2/H-ZSM-5. (Reaction conditions: 573−723 K, H2/CO
= 2:1; 3 MPa, 25 cm3 min−1.) (d) Effect of Zn/Zr molar ratio on the performance of bifunctional catalysts. (Reaction conditions: catalyst weight =
1.0 g; 703 K; H2/CO = 2:1; 3 MPa; 25 cm3 min−1.) C5+ denotes aliphatic hydrocarbons with carbon numbers of ≥5. (e) Proposed mechanism by
coupling reactions of methanol and carbon monoxide over H-ZSM-5 to form aromatics. [Panels (b)−(d) were reprinted with permission from ref
330. Copyright 2017, Elsevier. Panel (e) was adapted with permission from ref 331. Copyright 2018, Wiley.]
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surface methoxide via formate in the presence of hydrogen.
The addition of ZnO facilitated the heterolytic dissociation of
H2 and, thus, promoted the conversion of CO to methanol.
When the ZnO-ZrO2 component was used for syngas
conversion, methanol/DME was dominantly produced in a
wide range of temperatures and the major byproducts were
C2−C4 olefins (see Figure 20b). As a result, the combination
ZnO−ZrO2 with H-ZSM-5 resulted in the formation of
aromatics due to the subsequent methanol conversion (see
Figure 20c).
The performance of the composite catalyst was influenced

by different parameters, including the Zn/Zr ratio, zeolite
acidity, weight ratio, and contact proximity of two components.
Interestingly, the presence of a small concentration of ZnO
promoted the CO conversion, but the selectivity of aromatics
began to decrease when the Zn/Zr molar ratio was larger than
1/200 (Figure 20d). This is somehow different from MTA
chemistry since an increase of Zn loading in MTA catalyst
generally leads to an increased selectivity to aromatics. We
hypothesize that the revealed difference should be related to
the dissimilar functions of zinc species and reaction conditions.
The formation of methanol is the rate-limiting step in STA. To
facilitate methanol production, ZnO is mainly used to provide
active hydrogen species for the CO conversion since ZrO2 is
not very active in the dissociation of H2. However, the higher
ZnO content could lead to very high surface density of
hydrogen species which enhances the hydrogenation of lower
olefins, to form recalcitrant paraffins. Regarding MTA, the
introduction of Zn species in MTA can promote the
dehydrogenation−aromatization of alkenes and alkanes. The
increased Zn loading yields more dehydrogenation centers,
facilitating the formation of aromatics. Besides, different from
the MTA reaction generally performed under N2 or He
atmosphere in the lab, the presence of abundant H2 in the
syngas mixture is possibly more favorable for providing a
higher concentration of active hydrogen species after
dissociation on ZnO.
Another distinctive feature of the composite catalyst ZnO−

ZrO2/H-ZSM-5 is its excellent stability (there is no obvious
deactivation in 1000 h of reaction), which is rarely observed in
the aromatization of alcohols. Such a good catalyst stability was
considered to be closed to both the catalyst robustness and the
presence of H2 that could effectively suppress the formation of
coke. Note that the formation of abundant CO2 by water−gas
shift (WGS) reaction was unavoidable in the above system,
which definitely decreased the carbon efficiency. A recent
report from the same group pointed out this problem can be
partially solved by co-feeding CO2 in the syngas mixture to
drive the thermodynamic equilibrium to the reverse water−gas
shift (RWGS) reaction direction without significant effect on
the formation of aromatics.344

In fact, if we compare the aromatic selectivity in the above
STA process (80%) with the selectivities that have been
reported in methanol conversion using H-ZSM-5 as the
catalyst, the values in the later cases are much lower (<40%).
Even when Zn- or Ga-modifed ZSM-5 catalysts are employed,
the selectivity of aromatics is generally still lower than 80%. To
account for this, Wang et al. proposed that the CO present in
the gas phase could function as a hydrogen acceptor.330 The
reaction of CO with hydrogen led to the formation of
methanol, and the hydride transfer to olefins to form paraffins
was somehow inhibited. Inspired by this idea, Liu et al.
recently reported that the selectivity of aromatics in the MTA

process can be increased from 40% to 80% at 673 K over H-
ZSM-5 by using CO to replace N2 in the gas phase.331 They
proposed that the presence of CO would facilitate the
methanol carbonylation to form methyl acetate (MAc) and
acetic acid (HAc) through the Koch reaction. The resulted
carbonyl compounds then would react with olefins to generate
methyl-2-cyclopenten-1-ones (MCPOs) that can be easily
transformed to aromatic compounds (see Figure 20e). As a
result, the traditional olefin route to form aromatics by
hydrogen transfer reactions over H-ZSM-5 zeolites was
inhibited.
Similar STA studies were also reported on the catalysts with

different combinations of metal oxides and ZSM-5 zeolite, such
as the Zn−Cr oxide/H-ZSM-5,345−348 Ce0.2Zr0.8O2/H-ZSM-
5,349 and MoOx-ZrO2/H-ZSM-5.350 However, based on the
ZnCrOx catalyst, Bao et al. did not observe an obvious
formation of methanol like the ZnO−ZrO2 system.351 Instead,
they detected the appearance of ketene (CH2CO) in the gas
phase after the interaction of syngas with ZnCrOx. A ketene
route was proposed to explain the subsequent formation of low
olefins on the mesoporous SAPO-34 zeolite and the formation
of aromatics on the H-ZSM-5 zeolite.345,351 Similar strategy of
aromatics product modulation, which has been discussed in the
MTA study, as passivating the external surface of zeolites
demonstrated to be effective to increase the BTX percentage
especially the p-xylene after syngas transformation.330,347,348

For example, based on a ZnCrOx/MFI zeolite catalyst where
the H-ZSM-5 core was covered by an acid-free silicalite-1 shell,
Tsubaki et al. found that the fraction of p-xylene in xylene
isomers could be increased to a high value (77.3%).348 Also, by
optimizing the crystal size of ZSM-5 along the b-axis, Xie et al.
found that the aromatic product distribution after syngas
conversion over Cr2O3/ZSM-5 can be adjusted, and using the
ZSM-5 crystals with a higher b-axis dimension could increase
the percentage of BTX products.352

Carbon Dioxide to Aromatics. Utilization of carbon
dioxide (CO2) to produce value-added products mainly
originates from the concern that increasing the release of
CO2 to the atmosphere disturbs the natural carbon cycle of the
earth. Because of the inertness of CO2 molecules, its
transformation to other chemicals generally requires co-feeding
a high-energy reactant such as H2, or supply of external energy
like solar or electric energy. A plethora of reviews have been
published concerning CO2 conversion by thermocatalytic,
electrocatalytic, and photocatalytic processes.353−360 In fact,
the hydrogenation of CO2 to produce methanol, for example
over the commercial the copper/zinc oxide/aluminum oxide
(Cu/ZnO/Al2O3) catalyst, could be the first step in CO2
transformation chemistry.361−365 Methanol then can be
transformed to different C2+ hydrocarbons by MTH protocols.
However, when it comes to the direct hydrogenation of CO2 to
C2+ products, achieving a high product selectivity is not an easy
task.366,367

Since the composite catalyst (metal carbide or metal oxide
combined with zeolite) has been demonstrated to be effective
in the transformation of syngas to specific products (olefins,
aromatics, etc.), using similar strategies to prepare the catalysts
for CO2 conversion is also promising. The conversion of CO2
to C2+ hydrocarbons could involve RWGS reaction first to
produce CO, followed by syngas transformation via the FTS
route.368−372 Sun et al. reported that the combination of a Na-
modified Fe3O4 with H-ZSM-5 could produce the gasoline
hydrocarbons with a selectivity of 78% at a CO2 conversion of
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22%.368 It was proposed that CO2 was first converted to CO
via the RWGS reaction on Fe3O4, followed by hydrogenation
of CO to α-olefins (the FTS route) on χ-Fe5C2. The α-olefin
intermediates then were transformed to gasoline-range
isoparaffins and aromatics over H-ZSM-5. Besides, liquid
fuels can also be produced via a methanol/DME-mediated
route. The catalyst composed of reducible indium oxides
(In2O3) and H-ZSM-5 was reported to produce gasoline-range
hydrocarbons with high selectivity (78.6%) accompanied by
low selectivity to methane (1%).373 The oxygen vacancies on
the In2O3 surfaces were responsible to activate CO2 and H2 to
form methanol,374−377 which subsequently diffused to the
zeolite forming gasoline-range hydrocarbons. Apart from
producing liquid fuels, the methanol-mediated route was also
employed to produce light olefins.378−381 For example, using a
catalyst composed of ZnO-ZrO2 with Zn-modified SAPO-34
to catalyze the hydrogenation of CO2, Li et al. found the
selectivity of C2−C4 olefins reached 80% with a low CH4
selectivity (<3%) at a CO2 conversion of 12.6% at 653 K and
gas (H2/CO2 = 3) pressure of 2 MPa.378

The hydrogenation of CO2 to produce aromatics is also an
attractive route for CO2 valorization, which was recently
confirmed to be feasible by employing suitable bifunctional
catalysts.382−388 In 2018, Liu et al. reported a catalyst
composed of spinel structural ZnAlOx oxide and H-ZSM-5
zeolite (ZnAlOx−H-ZSM-5), which exhibited a 73.9%
aromatics selectivity (CO-free) with only 0.4% CH4 selectivity

in CO2 hydrogenation reaction at a CO2 conversion of 9.1% at
593 K and reactant gas (H2/CO2 = 3) pressure of 3 MPa.382

Both ZnO and ZnAlOx could selectively catalyze CO2 to
methanol/DME, and their combination with H-ZSM-5
promoted the further transformation of methanol/DME to
hydrocarbons (Figure 21a). The proximity degree of two
components was closely related to the aromatics selectivity.
Specifically, the ZnAlOx−H-ZSM-5 catalyst, which was
prepared by two components, showed higher selectivity than
the ZnAlOx−H-ZSM-5 catalyst prepared by granules mixing
grinding, and the ZnAlOx−H-ZSM-5 catalyst in a dual-bed
configuration. The composite catalyst also exhibited good
catalyst stability in a 100-h test.
Despite these outstanding features, the presence of a 57.4%

selectivity to CO under the typical reaction conditions
indicated that the RWGS reaction converted a great number
of CO2 molecules only to undesired CO. To enhance the
transformation efficiency of CO2 to valuable hydrocarbons, the
authors studied the effect of adding H2 and found that the CO
selectivity significantly decreased from 56.9% to 28.7% as the
H2/CO2 ratio increased from 3/1 to 9/1 (see Figure 21b).
Also, adding CO was effective to suppress the RWGS reaction
as the product CO selectivity decreased monotonically with
the increase of CO/CO2 ratio (Figure 21c). Interestingly,
using the mixture of CO and H2 (H2/CO = 3) as the
feedstock, the authors found that the hydrogenation of CO
over the same catalyst was not very effective, and the aromatics

Figure 21. (a) Comparison of the CO2 conversion and product selectivity over various catalysts. Reaction conditions: Space velocity = 12,000 (for
ZnO and ZnAlOx) or 6000 (for composite catalysts) ml g−1 h−1, 3.0 MPa, 593 K, H2/CO2/Ar = 3/1/0.2. Note that the C5+ excludes aromatics.
C2−4

= and C2−4° refer to C2−C4 olefins and paraffins, respectively; ZnAlOx&H-ZSM-5 prepared by grinding; ZnAlOx+H-ZSM-5 prepared by
granules mixing; ZnAlOx/H-ZSM-5 denoted as dual-bed catalysts. (b) The effect of H2/CO2 ratio over ZnAlOx&H-ZSM-5. Reaction conditions:
Space velocity = 6000 mL g−1 h−1, 3.0 MPa, 593 K. (c) The effect of CO introduction over ZnAlOx&H-ZSM-5. Reaction conditions: catalyst
weight = 667 mg, 3.0 MPa, 593 K, inlet gas containing 66.7 mL min−1 mixed gas (H2/CO2/Ar = 3/1/0.2) and 0−26.6 mL min−1 CO. (d)
Operando DRIFT spectra over various catalysts. Conditions: 593 K, 0.1 MPa. CO2&H2 refers to the mixed gas of H2/CO2/Ar = 3/1/0.2; CO&H2
refers to the mixed gas of H2/CO/Ar = 3/1/0.2. Panel (a-d) reprinted with permission from ref.382 Copyright, 2018, Springer.
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selectivity was only 12.8%. The operando diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) revealed
the difference between CO2 and CO hydrogenation reactions
over this sample (Figure 21d). Compared to the CO2
hydrogenation, the CO hydrogenation generated much less
surface formate species (1620, 1375, and 2910 cm−1), and
more metal species sites can be used to activate H2, generating
more hydrogen species. The high surface density of hydrogen
species would promote the transformation of olefins to
paraffins and thus suppressed the formation of aromatics
from olefins.
The ZnO-ZrO/H-ZSM-5 catalyst previously used to convert

syngas to aromatics was also found to be effective in the
hydrogenation of CO2 to aromatics.383−385 Li et al. recently
reported that the aromatics selectivity could reach 73% (CO-
free) at CO2 conversion of 14% over the composite catalyst
ZnZrO/ZSM-5 and the selectivity of CO was 44%.383

Although methanol and the subsequently formed olefins
were found to be the intermediate specie, experimental results
showed that the pure aromatization of the methanol processed
over ZnZrO/H-ZSM-5 was not very selective, compared to
CO2 hydrogenation. To determine the possible reasons, the
authors used ethene as the representative intermediate species
and studied the effect of adding H2O on the ethene
aromatization process over H-ZSM-5. It was found that the
presence of a moderate amount of H2O can significantly
suppress the adsorption of ethene on the weak acid sites,
facilitating the conversion of ethene to aromatics on the strong
acid sites. However, further increases in the water content in
the gas mixture would cause a decrease of aromatic selectivity,
because of the serious competitive adsorption of water on both
the strong and weak acid sites. This possibly accounted for the
high aromatic selectivity in CO2 hydrogenation, considering
that the RWGS reaction during CO2 hydrogenation could
produce more water, compared to the MTA process.
Moreover, CO2 could facilitate the aromatization process of
methanol and ethene, since the hydrogen species generated
through dehydrogenation can migrate to the interface of
ZnZrO and be involved in CO2 hydrogenation cycle. This is
somehow similar to the syngas to aromatics process where CO
has been proposed as a hydrogen acceptor to form
methanol.330 In fact, Tsubaki et al. have proposed a CO2-
promoting effect in the MTA reaction and considered that
CO2 in the gas phase could accelerate the dehydrogenation-
aromatization process by removing the H species.386 Jiang et
al. also reported that the MTA reaction over the conventional
Zn-ZSM-5 catalyst was more effective in the presence of CO2
than the reaction performed without CO2, and attributed the
promotion effect of CO2 to its function of accepting the
hydrogen species during alkene/alkane dehydrogenation.389

Despite that, more details concerning the promoting effect of
CO2 on the MTA reactions still must be disclosed in the
future.

■ SUMMARY AND OUTLOOK
Over the past decade, the interest in MTA has resulted in great
technological advances, with several demonstration plants
already online and showing great promise for industrial
application. Advances in the understanding of sibling processes
such as the methanol-to-olefins (MTO) and methanol-to-
gasoline (MTG) processes have undoubtedly paved the way
for a more-detailed understanding of, at least, the first step in
the MTA process involving the formation of paraffins and

olefins. In fact, the MTH chemistry plays an instrumental role
in the production of aromatics, especially when combined with
an additional metal functionality in control of the dehydrogen-
ation step and therefore minimizing bimolecular hydrogen
transfer reactions. The suppression of hydrogen transfer
reaction mitigates the production of recalcitrant paraffins,
which are generally converted at higher temperatures and
typically require an additional and fully dedicated reactor for
their conversion to aromatics. Although with all the knowledge
obtained in the MTH that have helped us gain a grip on the
chemistry for the formation of aromatics, there are many
challenges that require further exploration to understand the
reaction mechanism and exploit the full potential of MTA.
Our mechanistic understanding on the initial carbon−

carbon (C−C) bond formation and the dual cycle should be
revisited for MTA. Although extensively discussed for MTO
and MTG chemistries, the first C−C bond formation has never
been addressed in MTA. An obvious question to pose is
whether all the learnings from MTH can be fully embraced.
Intuitively, one could think that the dehydrogenation metal
functionality could play a role on the mechanism by
accelerating the formation of hydrogen-deficient intermediates.
A recent report by Liu et al. is pointing in that direction and
suggesting a larger formation of formaldehyde on Zn-ZSM-5
MTA catalyst.162 Also, the use of high temperatures and
pressures in the MTA process could possibly influence the first
C−C bond formation. A similar analysis should be done for
the dual cycle mechanism, since it has been proven by some of
us that reaction conditions could influence the nature of the
hydrocarbon pool species.113,114

Dehydrogenation reactions are distinctive of the MTA
process. The introduction of metals such as Ga and Zn onto
zeolites is mainly improving the methanol aromatization
process by strengthening dehydrogenation of intermediate
alkenes/alkanes, with a release of H2. So far, researchers have
different hypothesis about the configuration of the most active
site for dehydrogenation. Strategies of synthesizing catalysts
with exclusive metal configurations and then comparing their
catalytic performances might help to solve the above problem.
However, variation of the metal sites during reaction is
possible, and therefore identifying the stability of active sites
under practical reaction conditions is still required.
In MTA, the synergism between Brønsted sites and Lewis

metal sites over catalysts is closely related with the aromatics
selectivity. This effect may be explained as a consequence of
promoting the cascade reactions that lead to the aromatic
formation, but possibly it is not solely related to that. The
mutual interaction between Brønsted sites and Lewis metal
sites in individual catalytic steps still needs to be explored.
Regarding catalyst lifetime, initial analysis of the deactivation

by coke deposition revealed that the nature of the hydrocarbon
species in MTA is similar to MTH. Some parameters, such as
the reaction conditions and the metal dehydrogenation
functionality, may affect the kinetics and quantity of the
discrete hydrocarbon species, which could have a strong
impact on the key species deactivating the catalyst material.
More specifically, the promotion of aromatics and form-
aldehyde, which are two suspected coke precursors, could have
a detrimental effect on catalyst lifetime. Moreover, other
deactivation mechanisms should be thoroughly investigated.
For example, water formed during MTA reaction might induce
zeolite dealumination, leading to a loss of activity by a decrease
in the number of Brønsted acid sites. Since framework Al
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atoms can also serve as anchoring points for the metal sites,
dealumination could also lead to a change in the chemistry of
those metal species, which should be further clarified.
Improving the diffusion properties of ZSM-5 zeolites, either
by decreasing crystal sizes or introducing auxiliary mesopores/
macropores, is the most used strategy to enhance the lifetime
of MTA catalysts. Various hierarchically structured ZSM-5
zeolite crystals have shown the capability to prolong the
catalyst lifetime while a general descriptor on structure−
performance relationship is still missing. Last but not least,
proper correlations between catalyst lifetime and amount of
coke deposited should be drawn, because this is very important
information for the catalyst regeneration step. In other words,
longer catalyst lifetimes may be detrimental if large amounts of
coke form hotspots that cannot be avoided during catalyst
regeneration.
Intraparticle aluminum distribution is a parameter recently

reviewed by Rimer et al.390 and deserves further exploration in
the MTA chemistry. Having an uneven distribution of active
sites can strongly impact catalytic performance by influencing
the sequence of intermediate reactions. For example, para-
xylene selectivity can be enhanced by depositing amorphous or
crystalline silica composition on the individual ZSM-5
crystals.52,275 In fact, aluminum zoning is well-known for
ZSM-5 crystals synthesized with tetrapropylammonium ions
(TPA+) as a template.391 Over micrometer-sized ZSM-5
crystals, aluminum zoning was visualized by synchrotron-
based micro-X-ray diffraction and atomic probe tomography
(APT).392,393 Over nanosized crystals, aluminum zoning still
exists,308,394 and van Bokhoven et al. recently observed that the
nanosized ZSM-5 crystals had a core−shell structure, in terms
of aluminum distribution.395 The core part had nearly no
aluminum, whereas the aluminum content in the shell
gradually increased when extending to the exterior surface.
One could think that such an uneven distribution of aluminum
might promote the location of Zn species close to the Brønsted
acid sites in the shell, which could have an effect on the
catalytic process. In fact, controlling the distribution of
aluminum over different T-sites might also have important
practical implication for the MTA chemistry. The channel
system of MFI zeolite is composed of the interconnected
straight and sinusoidal 10-membered ring channels, which
intersect to form larger void spaces (Figure 15f). The
arrangement of aluminum sites could either influence the
proceeding of reactions due to the channel space limita-
tion396,397 or the configurations of metal sites due to distinct
proximities of Al sites,398−400 while this is seldom studied in
the MTA chemistry.
The recent advances in modeling/imaging techniques also

allows one to obtain a better understanding of a heterogeneous
catalytic process, from different length and time
scales.208,209,401−403 For example, the use of APT clearly
reveals the relationship between coke species and Brønsted
acid sites distribution, and it is found that the aluminum-rich
surface of ZSM-5 crystals accommodate more coke species.209

As to the MTA catalyst, which has both Lewis acidic metals
and Brønsted acid sites, however, the spatial relationship
between different acid sites and coke is still unknown.
Therefore, it is essential to apply advanced spatial-resolved
imaging techniques to disclose such a relation, which facilitates
designing better coking-resistant MTA catalysts. Besides, the
simulation advances also provide in-depth theoretical under-
standings for the MTH chemistry.401−403 Based on small-pore

zeolite, enhanced sampling molecular dynamics simulations
indicate that the diffusion of light olefins is manipulated by
many factors, among which the presence of Brønsted acid sites
in the 8-ring enhances the diffusion process.402 As for the
MTA catalysts, the factors affecting the diffusion properties of
various species such as the light olefins and aromatics, still
need to be illuminated theoretically.
Last but not least, we wish to emphasize the synthesis of

aromatics from CO and CO2 as another attractive alternative
that could also follow a methanol-mediated route. The
production of aromatics via hydrogenation of COx holds
great promise. For example, the (relatively) low H:C ratio in
aromatics requires a lower amount of H2 in the case of direct
hydrogenation of CO2 (2.5 molecules of H2 per molecule of
CO2). When considering the mechanistic information
discussed above, two potential routes for the one-pot
transformation of COx to aromatics have been considered:
(i) through the formation of methanol/DME and (ii) through
the formation of olefins via Fischer−Tropsch synthesis (FTS).
Our current knowledge prevents us to emphasize which route
acts as a leader in COx to aromatics production, since both
FTS and methanol/DME routes have their advantages and
disadvantages. The FTS route is generally more productive
with higher yields of hydrocarbons, while selectivity control is
highly challenging. The methanol/DME pathway possesses
high selectivity toward target aromatics but suffers from low
hydrocarbon yields, since high methanol selectivity from COx
is difficult to achieve at high temperatures, which is required
for aromatization reactions.
Focusing on the methanol-mediated route, the employed

composite catalysts applied in syngas and CO2 conversion are
generally composed of a metal oxide component responsible
for COx activation in combination with a zeolitic component.
That notwithstanding, most of the attention is devoted to
searching highly active, selective, and stable catalysts, the
thermodynamic aspects of methanol synthesis should be taken
into account to overcome the thermodynamic equilibrium
limitation on methanol yield. The considerable formation of
CO2 in syngas conversion due to water−gas shift (WGS), and
the formation of CO due to the reverse water−gas shift
(RWGS) in CO2 conversion, decrease the efficiency of carbon
usage. Co-feeding CO2 or CO to shift the (R)WGS reaction
equilibrium somehow suppresses the formation of undesired
side products nonetheless, creating a need to design a more
selective catalyst that can be used under aromatization reaction
conditions is more promising. In addition, the proximity
between the metal oxide and zeolite components should be
carefully monitored, since it is an important factor that
determines the final aromatic selectivity. Lastly, the insights
coming from a COx to aromatics process, e.g., a coreaction of
methanol with CO2 or CO (which play a role of hydrogen
acceptor), might increase aromatic selectivity in the MTA
process, while how to take advantage of aromatics formation
features to improve modulation of aromatics selectivity in COx
conversion by proper design of zeolite catalysts and fitted
reaction conditions still need to be explored.
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(155) Rodrigues, V. d. O.; Faro Juńior, A. C. On catalyst activation
and reaction mechanisms in propane aromatization on Ga/HZSM5
catalysts. Appl. Catal., A 2012, 435-436, 68−77.
(156) Bhan, A.; Nicholas Delgass, W. Propane aromatization over
HZSM-5 and Ga/HZSM-5 catalysts. Catal. Rev.: Sci. Eng. 2008, 50
(1), 19−151.
(157) Schreiber, M. W.; Plaisance, C. P.; Baumgärtl, M.; Reuter, K.;
Jentys, A.; Bermejo-Deval, R.; Lercher, J. A. Lewis-Brønsted acid pairs
in Ga/H-ZSM-5 to catalyze dehydrogenation of light alkanes. J. Am.
Chem. Soc. 2018, 140 (14), 4849−4859.
(158) Phadke, N. M.; Mansoor, E.; Bondil, M.; Head-Gordon, M.;
Bell, A. T. Mechanism and Kinetics of Propane Dehydrogenation and
Cracking over Ga/H-MFI Prepared via Vapor-Phase Exchange of H-
MFI with GaCl3. J. Am. Chem. Soc. 2019, 141 (4), 1614−1627.

(159) Narbeshuber, T. F.; Vinek, H.; Lercher, J. A. Monomolecular
conversion of light alkanes over H-ZSM-5. J. Catal. 1995, 157, 388−
395.
(160) Hensen, E. J. M.; Pidko, E. A.; Rane, N.; van Santen, R. A.
Water-Promoted Hydrocarbon Activation Catalyzed by Binuclear
Gallium Sites in ZSM-5 Zeolite. Angew. Chem., Int. Ed. 2007, 46 (38),
7273−7276.
(161) Müller, S.; Liu, Y.; Kirchberger, F. M.; Tonigold, M.; Sanchez-
Sanchez, M.; Lercher, J. A. Hydrogen transfer pathways during zeolite
catalyzed methanol conversion to hydrocarbons. J. Am. Chem. Soc.
2016, 138 (49), 15994−16003.
(162) Ni, Y.; Zhu, W.; Liu, Z. Formaldehyde intermediate
participating in the conversion of methanol to aromatics over zinc
modified H-ZSM-5. J. Energy Chem. 2021, 54, 174−178.
(163) Joshi, Y. V.; Thomson, K. T. Embedded cluster (QM/MM)
investigation of C6 diene cyclization in HZSM-5. J. Catal. 2005, 230
(2), 440−463.
(164) Xu, B.; Sievers, C.; Hong, S. B.; Prins, R.; van Bokhoven, J. A.
Catalytic activity of Brønsted acid sites in zeolites: Intrinsic activity,
rate-limiting step, and influence of the local structure of the acid sites.
J. Catal. 2006, 244 (2), 163−168.
(165) Gounder, R.; Iglesia, E. Catalytic consequences of spatial
constraints and acid site location for monomolecular alkane activation
on zeolites. J. Am. Chem. Soc. 2009, 131 (5), 1958−1971.
(166) Kwak, B.; Sachtler, W. Effect of Ga/proton balance in Ga/
HZSM-5 catalysts on C3 conversion to aromatics. J. Catal. 1994, 145
(2), 456−463.
(167) Rane, N.; Overweg, A.; Kazansky, V.; Van Santen, R.; Hensen,
E. Characterization and reactivity of Ga+ and GaO+ cations in zeolite
ZSM-5. J. Catal. 2006, 239 (2), 478−485.
(168) Kazansky, V.; Subbotina, I.; Van Santen, R.; Hensen, E.
DRIFTS study of the nature and chemical reactivity of gallium ions in
Ga/ZSM-5: II. Oxidation of reduced Ga species in ZSM-5 by nitrous
oxide or water. J. Catal. 2005, 233 (2), 351−358.
(169) Tamiyakul, S.; Sooknoi, T.; Lobban, L. L.; Jongpatiwut, S.
Generation of reductive Zn species over Zn/HZSM-5 catalysts for n-
pentane aromatization. Appl. Catal., A 2016, 525, 190−196.
(170) Qi, G.; Wang, Q.; Xu, J.; Trébosc, J.; Lafon, O.; Wang, C.;
Amoureux, J. P.; Deng, F. Synergic Effect of Active Sites in Zinc-
Modified ZSM-5 Zeolites as Revealed by High-Field Solid-State NMR
Spectroscopy. Angew. Chem., Int. Ed. 2016, 55 (51), 15826−15830.
(171) Gabrienko, A. A.; Arzumanov, S. S.; Toktarev, A. V.; Danilova,
I. G.; Prosvirin, I. P.; Kriventsov, V. V.; Zaikovskii, V. I.; Freude, D.;
Stepanov, A. G. Different efficiency of Zn2+ and ZnO species for
methane activation on Zn-modified zeolite. ACS Catal. 2017, 7 (3),
1818−1830.
(172) Pidko, E. A.; Kazansky, V. B.; Hensen, E. J.; van Santen, R. A.
A comprehensive density functional theory study of ethane
dehydrogenation over reduced extra-framework gallium species in
ZSM-5 zeolite. J. Catal. 2006, 240 (1), 73−84.
(173) Penzien, J.; Abraham, A.; van Bokhoven, J. A.; Jentys, A.;
Müller, T. E.; Sievers, C.; Lercher, J. A. Generation and character-
ization of well-defined Zn2+ Lewis acid sites in ion exchanged zeolite
BEA. J. Phys. Chem. B 2004, 108 (13), 4116−4126.
(174) Qi, G.; Xu, J.; Su, J.; Chen, J.; Wang, X.; Deng, F. Low-
temperature reactivity of Zn+ ions confined in ZSM-5 zeolite toward
carbon monoxide oxidation: insight from in situ DRIFT and ESR
spectroscopy. J. Am. Chem. Soc. 2013, 135 (18), 6762−6765.
(175) Oda, A.; Torigoe, H.; Itadani, A.; Ohkubo, T.; Yumura, T.;
Kobayashi, H.; Kuroda, Y. Unprecedented Reversible Redox Process
in the ZnMFI-H2 System Involving Formation of Stable Atomic Zn0.
Angew. Chem., Int. Ed. 2012, 51 (31), 7719−7723.
(176) Pinilla-Herrero, I.; Borfecchia, E.; Holzinger, J.; Mentzel, U.
V.; Joensen, F.; Lomachenko, K. A.; Bordiga, S.; Lamberti, C.; Berlier,
G.; Olsbye, U.; et al. High Zn/Al ratios enhance dehydrogenation vs
hydrogen transfer reactions of Zn-ZSM-5 catalytic systems in
methanol conversion to aromatics. J. Catal. 2018, 362, 146−163.
(177) Meitzner, G. D.; Iglesia, E.; Baumgartner, J. E.; Huang, E. The
chemical state of gallium in working alkane dehydrocyclodimerization

ACS Catalysis pubs.acs.org/acscatalysis Review

https://doi.org/10.1021/acscatal.1c01422
ACS Catal. 2021, 11, 7780−7819

7812

https://doi.org/10.1039/C1CY00299F
https://doi.org/10.1039/C1CY00299F
https://doi.org/10.1007/s10562-014-1348-8
https://doi.org/10.1007/s10562-014-1348-8
https://doi.org/10.1007/s10562-014-1348-8
https://doi.org/10.1021/acs.iecr.7b02908?ref=pdf
https://doi.org/10.1021/acs.iecr.7b02908?ref=pdf
https://doi.org/10.1021/acs.iecr.7b02908?ref=pdf
https://doi.org/10.1016/j.apcatb.2017.08.056
https://doi.org/10.1016/j.apcatb.2017.08.056
https://doi.org/10.1007/BF00766072
https://doi.org/10.1007/BF00766072
https://doi.org/10.1007/BF00766072
https://doi.org/10.1016/0021-9517(90)90065-R
https://doi.org/10.1016/0021-9517(90)90065-R
https://doi.org/10.1016/0021-9517(90)90065-R
https://doi.org/10.1016/S0166-9834(00)81596-1
https://doi.org/10.1016/S0166-9834(00)81596-1
https://doi.org/10.1039/FT9918700669
https://doi.org/10.1039/FT9918700669
https://doi.org/10.1039/FT9918700669
https://doi.org/10.1016/0021-9517(92)90342-F
https://doi.org/10.1016/0021-9517(92)90342-F
https://doi.org/10.1016/0021-9517(92)90342-F
https://doi.org/10.1080/01614949208020306
https://doi.org/10.1080/01614949208020306
https://doi.org/10.1007/BF00806575
https://doi.org/10.1007/BF00806575
https://doi.org/10.1007/BF00806575
https://doi.org/10.1016/S0920-5861(96)00028-4
https://doi.org/10.1016/S0920-5861(96)00028-4
https://doi.org/10.1006/jcat.1998.2177
https://doi.org/10.1006/jcat.1998.2177
https://doi.org/10.1006/jcat.1998.2177
https://doi.org/10.1006/jcat.1998.2312
https://doi.org/10.1006/jcat.1998.2312
https://doi.org/10.1006/jcat.1998.2312
https://doi.org/10.1016/j.jcat.2005.11.037
https://doi.org/10.1016/j.jcat.2005.11.037
https://doi.org/10.1039/C5CP05043J
https://doi.org/10.1039/C5CP05043J
https://doi.org/10.1039/C5CP05043J
https://doi.org/10.1016/j.apcata.2012.05.036
https://doi.org/10.1016/j.apcata.2012.05.036
https://doi.org/10.1016/j.apcata.2012.05.036
https://doi.org/10.1080/01614940701804745
https://doi.org/10.1080/01614940701804745
https://doi.org/10.1021/jacs.7b12901?ref=pdf
https://doi.org/10.1021/jacs.7b12901?ref=pdf
https://doi.org/10.1021/jacs.8b11443?ref=pdf
https://doi.org/10.1021/jacs.8b11443?ref=pdf
https://doi.org/10.1021/jacs.8b11443?ref=pdf
https://doi.org/10.1006/jcat.1995.1304
https://doi.org/10.1006/jcat.1995.1304
https://doi.org/10.1002/anie.200702463
https://doi.org/10.1002/anie.200702463
https://doi.org/10.1021/jacs.6b09605?ref=pdf
https://doi.org/10.1021/jacs.6b09605?ref=pdf
https://doi.org/10.1016/j.jechem.2020.05.063
https://doi.org/10.1016/j.jechem.2020.05.063
https://doi.org/10.1016/j.jechem.2020.05.063
https://doi.org/10.1016/j.jcat.2004.12.016
https://doi.org/10.1016/j.jcat.2004.12.016
https://doi.org/10.1016/j.jcat.2006.08.022
https://doi.org/10.1016/j.jcat.2006.08.022
https://doi.org/10.1021/ja808292c?ref=pdf
https://doi.org/10.1021/ja808292c?ref=pdf
https://doi.org/10.1021/ja808292c?ref=pdf
https://doi.org/10.1006/jcat.1994.1056
https://doi.org/10.1006/jcat.1994.1056
https://doi.org/10.1016/j.jcat.2006.03.004
https://doi.org/10.1016/j.jcat.2006.03.004
https://doi.org/10.1016/j.jcat.2005.05.004
https://doi.org/10.1016/j.jcat.2005.05.004
https://doi.org/10.1016/j.jcat.2005.05.004
https://doi.org/10.1016/j.apcata.2016.07.020
https://doi.org/10.1016/j.apcata.2016.07.020
https://doi.org/10.1002/anie.201608322
https://doi.org/10.1002/anie.201608322
https://doi.org/10.1002/anie.201608322
https://doi.org/10.1021/acscatal.6b03036?ref=pdf
https://doi.org/10.1021/acscatal.6b03036?ref=pdf
https://doi.org/10.1016/j.jcat.2006.03.011
https://doi.org/10.1016/j.jcat.2006.03.011
https://doi.org/10.1016/j.jcat.2006.03.011
https://doi.org/10.1021/jp0373043?ref=pdf
https://doi.org/10.1021/jp0373043?ref=pdf
https://doi.org/10.1021/jp0373043?ref=pdf
https://doi.org/10.1021/ja400757c?ref=pdf
https://doi.org/10.1021/ja400757c?ref=pdf
https://doi.org/10.1021/ja400757c?ref=pdf
https://doi.org/10.1021/ja400757c?ref=pdf
https://doi.org/10.1002/anie.201201000
https://doi.org/10.1002/anie.201201000
https://doi.org/10.1016/j.jcat.2018.03.032
https://doi.org/10.1016/j.jcat.2018.03.032
https://doi.org/10.1016/j.jcat.2018.03.032
https://doi.org/10.1006/jcat.1993.1079
https://doi.org/10.1006/jcat.1993.1079
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c01422?rel=cite-as&ref=PDF&jav=VoR


catalysts. In situ gallium K-edge X-ray absorption spectroscopy. J.
Catal. 1993, 140 (1), 209−225.
(178) Faro, A. C., Jr.; Rodrigues, V. d. O.; Eon, J.-G. In Situ X-ray
absorption study of the genesis and nature of the reduced gallium
species in Ga/HZSM5 catalysts. J. Phys. Chem. C 2011, 115 (11),
4749−4756.
(179) Getsoian, A. B.; Das, U.; Camacho-Bunquin, J.; Zhang, G.;
Gallagher, J. R.; Hu, B.; Cheah, S.; Schaidle, J. A.; Ruddy, D. A.;
Hensley, J. E.; Krause, T. R.; Curtiss, L. A.; Miller, J. T.; Hock, A. S.
Organometallic model complexes elucidate the active gallium species
in alkane dehydrogenation catalysts based on ligand effects in Ga K-
edge XANES. Catal. Sci. Technol. 2016, 6 (16), 6339−6353.
(180) Phadke, N. M.; Mansoor, E.; Head-Gordon, M.; Bell, A. T.
Mechanism and Kinetics of Light Alkane Dehydrogenation and
Cracking over Isolated Ga Species in Ga/H-MFI. ACS Catal. 2021,
11, 2062−2075.
(181) Martínez-Espín, J. S.; De Wispelaere, K.; Janssens, T. V.;
Svelle, S.; Lillerud, K. P.; Beato, P.; Van Speybroeck, V.; Olsbye, U.
Hydrogen transfer versus methylation: on the genesis of aromatics
formation in the methanol-to-hydrocarbons reaction over H-ZSM-5.
ACS Catal. 2017, 7 (9), 5773−5780.
(182) Giannetto, G.; Monque, R.; Galiasso, R. Engineering,
Transformation of LPG into aromatic hydrocarbons and hydrogen
over zeolite catalysts. Catal. Rev.: Sci. Eng. 1994, 36 (2), 271−304.
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