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Methanol conversion to olefins, as an important reaction in C1 chemistry,
provides an alternative platform for producing basic chemicals from non-
petroleum resources such as natural gas and coal. Methanol-to-olefin

(MTO) catalysis is one of the critical constraints for the process develop-
ment, determining the reactor design, and the profitability of the process.
After the construction and commissioning of the world’s first MTO plant by
Dalian Institute of Chemical Physics, based on high-efficiency catalyst and
fluidization technology in 2010, more attention has been attracted for a deep
understanding of the reaction mechanism and catalysis principle, which has
led to the continuous development of catalysts and processes. Herein, the
recent progress in MTO catalyst development is summarized, focusing on the
advances in the optimization of SAPO-34 catalysts, together with the develop-
ment efforts on catalysts with preferential ethylene or propylene selectivity.

1. Introduction

Molecular sieves with regular microporous architectures, large
area surface, and strong acidity have been proved to be the most
efficient shape-selective catalysts which have been widely used
in many heterogeneous catalytic processes.ll' A well-known
example is the discovery of methanol to hydrocarbon reaction
and methanol-to-olefin (MTO) reaction by researchers of Mobil
in 1977 using aluminosilicate zeolite as the catalyst.”! Since
then, zeolite-catalyzed methanol conversion reaction has drawn
considerable attention from both the academia and industry,
and breakthroughs have been achieved in the reaction mecha-
nism understanding,®! high-efficiency catalyst design and prep-
aration,l process development, and commercialization.!

After extensive experimentation of various molecular sieves
with different pore networks, small pore 8-membered ring
(8-MR) molecular sieves were demonstrated to be more shape-
selective toward light olefins. The small pore openings could
prevent the diffusion of larger reaction intermediates (such as
higher olefins and aromatics) from the channels, and conse-
quently lead to a high selectivity of ethylene and propylene.[33¢l
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Among the 8-MR molecular sieves, silicoa-
luminophosphate SAPO-34 with 3D chan-
nels and moderate acid strength represents
the most interesting one, the light olefins
selectivity of which could reach up to 90%
or even higher”l The excellent MTO per-
formance of SAPO-34 was first reported
by Dalian Institute of Chemical Physics
(DICP) in 1990.B1 The researchers also
demonstrated the good regeneration sta-
bility and high-temperature steam stability
of SAPO-34.1 Inspired by these pioneering
discoveries, extensive research efforts have
been devoted to SAPO-34 focusing on the
elucidation of its crystallization mecha-
nism, synthesis optimization, and the rel-
evant catalytic studies, which greatly pro-
mote the technological development of the
MTO process.

Although SAPO-34 exhibits high catalytic activity and high
selectivity toward light olefins, it suffers a rapid deactivation
due to the coke deposition. Moreover, the MTO reaction on
SAPO-34 catalyst is highly exothermal. These features deter-
mine that the industrial MTO process based on SAPO-34 cat-
alyst has to adopt fluidized bed reactor, which allows efficient
heat transfer and enables the continuous regeneration of the
catalyst. In 2010, the world’s first commercial MTO unit was
successfully commissioned in Baotou, China by DICP (named
DMTO technology).>'% The production capacity of ethylene
and propylene is 0.6 Mt a'. To supply commercial catalysts
for the DMTO unit, a 2000 t a~! catalyst manufacturing plant
was started up in Dalian in 2008. Afterward, DICP developed
the DMTO-II technology, in which the byproducts of C,* are
separated and introduced into a fluidized-bed cracking reactor
to improve the yields of ethylene and propylene. Both the
cracking unit and the MTO unit share one regenerator and use
the same catalyst. By the end of 2018, thirteen DMTO units
have been put into operation with a total production capacity
of 7.16 Mt a”l. Moreover, DICP launched the new generation
of DMTO catalyst and completed the pilot test of the DMTO-III
technology in 2018, both of which aim to further improve the
olefins yield of DMTO units. The catalyst and technology devel-
opment of the DMTO process are summarized in Figure 1.

Based on SAPO-34 catalyst, UOP and Norsk Hydro also
developed an MTO process with a low-pressure fast fluidized-
bed reactor.'l In 2013, a commercialized MTO plant (0.3 Mt a™*
olefins) was commissioned in Nanjing, China, which combines
the UOP/Hydro MTO process and the total/UOP olefin cracking
process to enhance the yield of ethylene and propylene. In addi-
tion, Shanghai Research Institute of Petrochemical Technology
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(SRIPT) claimed the development of the SMTO technology
using SAPO-34-based catalyst and fluidized-bed reactor.!'?

Besides SAPO-34, ZSM-5 with 3D intersected 10-MR chan-
nels also attracts considerable attention, which indeed serves as
an important role in the development of methanol-to-gasoline
(MTG) and MTO processes. The Lurgi company developed a
fixed-bed methanol-to-propene (MTP) process based on the
ZSM-5 catalyst.3] The process includes a methanol conver-
sion unit and an ethylene and C,* recycling unit to maximize
the propylene yield. In 2011, the first MTP plant using the Lurgi
technology (0.5 Mt a™! propylene) was put into operation in
Ningxia, China.

The large-scale industrialization of the MTO process
achieved in the past decade greatly encourages the research and
development of high-performance MTO catalysts in order to
enhance the process efficiency. The successful development of
a commercial MTO catalyst involves many scientific and engi-
neering challenges: 1) catalyst design with desirable proper-
ties, in which, besides olefin yield, long-term catalyst stability,
minute side products, operation window, etc., are also impor-
tant considerations; 2) cost competitiveness of the catalyst;
3) the feasibility and reproducibility of scale-up including
molecular sieve synthesis and catalyst preparation; 4) environ-
mental requirements, for which high production efficiency and
low waste emissions are highly preferred.

2. Fundamental Understanding on the
Zeolite-Catalyzed MTO Reaction

Aiming at realizing the rational design of highly efficient
MTO catalysts, researchers have devoted great efforts toward
understanding the reaction mechanism at the molecular and
chemical bond level. According to the previous investigations
and the very recent progress on the formation of the first C—C
bond,B14 it is believed that zeolite-catalyzed MTO reaction
follows an inefficient direct mechanism in the initial reaction
period and then an indirect pathway (dual-cycle mechanism)
in the subsequent high activity period. Based on the spectro-
scopic evidences and theoretical calculations, several direct
mechanisms have been proposed, including carbonylation-
based mechanism, methoxymethyl cation mechanism,®
methane-formaldehyde mechanism,!'”! carbene insertion mech-
anism,/'® and methoxy-mediated DME/methanol activation
mechanism.[" Clearly, more works are needed to reach a fully
understanding of the initial C—C bond generation. On the con-
trary, the indirect dual-cycle mechanism is better understood,
which involves the aromatic-based hydrocarbon pool (HCP)
mechanism and the olefins methylation/cracking mecha-
nism.[""l In the aromatic-based cycle, methylbenzenes and their
protonated counterparts work as the active intermediates, to
which the methanol feed is attached and from which the olefin
products are eliminated. It has been recognized that methyl-
benzenes with two or three methyl groups predominantly deliver
ethylene, while higher methylbenzenes favor the generation
of propylene and butylene;*2% the types of formed HCPs are
strongly dependent on zeolite topology, acidity, and reaction
condition. In the olefin-based route, higher olefins formed by
the methylation of light olefins act as reactive species, which
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mainly crack to propylene and butylene. Ethylene is however
only a minor cracking product from higher olefins. Figure 2
illustrates the proposed reaction network of MTO process,?
which includes the initial C—C bond generation, HCP species
formation from the initial olefin products, the highly efficient
reaction stage via the indirect route, and the deactivation stage
resulting from the formation of heavier aromatic coke species.
Both the topologies and acidity of molecular sieves are impor-
tant factors for the MTO reaction. The channel and cavity struc-
ture of molecular sieves can impose spatial confinement effect on
the shape/size/reactivity of active intermediates, and affect their

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

SAPO-34 scale-up
(2 M3 autoclave)

SAPO-34 catalyst
for MTO reaction

DMTO catalyst scale-up
(25 tons)

www.advmat.de

New generation of

DMTO catalyst plant
Dalian DMTO catalyst
(2 kt/a) Dalian (5 kt/a)

Pilot test DMTO-I Demo DMTO-I DMTO- Il
Shanghai Shaanxi Commercialization Dalian
(16 kt/a methanol) Baotou (Pilot-scale)

Figure 1. Catalyst and technology development of the DMTO process.

reaction routes and product selectivity. The Brensted acid sites
are the essential driving force for the occurrence of MTO reac-
tion. The generation and evolution of the active intermediates
are closely related to the acid properties of molecular sieve cata-
lysts. Therefore, the choice of topology and the tuning of acidity
are crucial for the improvement of the catalyst performance.
Molecular sieves with 8-MR openings and cavity structures
have received considerable attention due to their high selec-
tivity to light olefins in the MTO reaction. The narrow 8-MR
pore openings could impose diffusion limitations on large
molecules and make light olefins the dominant products
(product-shape selectivity). Besides the pore openings, the cavity
structures also play important roles in the reaction. The shape of
the cavities governs the configuration and reactivity of the active
intermediates via a host-guest confinement effect. Liu and co-
workers systematically investigated the methanol conversion on
SAPO-35 (LEV), SAPO-34 (CHA), SAPO-18 (AEI), and DNL-6
(RHO) with distinct cavity dimensions.?!] Under similar reac-
tion conditions, different product spectra on the catalysts were
observed. SAPO-35 with the smallest cavities (0.73 x 0.63 nm)
exhibited higher selectivity toward ethylene; SAPO-34 (1.09 x
0.67 nm) yielded ethylene and propylene as the main products;
SAPO-18 and DNL-6 with larger cavity space (1.27 x 1.16 nm

(1.8 Mt/a methanol)
DMTO-II Demo, Shaanxi

for the former and 1.14 x 1.14 nm for the latter) delivered
propylene and butylene in high selectivity. With the aid of
12C/13C—CH;0H switch experiments and theoretical calcula-
tions, it was concluded that the sizes of the confined active spe-
cies were controlled by the cavity sizes (Figure 3). This finding
can be further correlated with the product selectivity, that is, in
smaller cavities, lower methylbenzenes predominantly form
and present high reactivity as the active intermediates, which
favor the production of ethylene; in larger cavities, higher meth-
ylbenzenes appear as the active species, which preferentially
lead to propylene and butylene. In addition, the catalyst activity
could also be linked to the reaction intermediates. As hexa-
methylbenzene and heptamethylbenzenium cations are the
most active HCP intermediates, the reactions involving them
are easy to proceed with lower barriers, which explains the
high MTO activity on SAPO-34 and DNL-6.219 In the contrast,
the steric confinement imposed by the small cage of SAPO-35
restrains the generation of bulkier active species with high
reactivity, and causes a lower methanol conversion. Besides,
it is noted that the 8-MR pore openings might vary with the
topologies, affecting the product selectivity and deactivation
rate. For example, SAPO-42 with LTA cage (1.14 X 1.14 nm) and
large 8-MR pore sizes (0.41 X 0.41 nm) was reported to show
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Figure 2. Proposed reaction network of the MTO process. Reproduced with permission.<l Copyright 2017, Elsevier.
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Figure 3. Cavity structures of 8-MR molecular sieves (top) and intrinsic free-energy barriers (275

°C) of the methylation of tetraMB, pentaMB, and

hexaMB over SAPO-35, SAPO-34, and DNL-6 (bottom). The estimated barriers drop with the number of methyl groups on SAPO-34 and DNL-6.
However, on SAPO-35, the methylation of hexaMB holds the highest barriers. MB refers to methylbenzene. Reproduced with permission.[2'?l Copyright

2015, American Chemical Society.

enhanced C,* selectivity, whereas the application of SAPO-56
with large AFX cage (1.30 x 0.83 nm) and narrow pore sizes
(0.34 x 0.36 nm) gave rise to higher selectivity toward ethylene
plus propylene and faster formation of heavy polyaromatic
hydrocarbons.?2 These results imply that both the cavity struc-
tures and the 8-MR pore openings affect the methanol conver-
sion and product generation. To optimize the ethylene plus
propylene yield and achieve longer catalyst lifetime, mole-
cular sieves with medium-sized 8-MR pore opening and cavity
dimension seems to be a reasonable choice.

Medium-pore 10-MR molecular sieves represented by ZSM-5
(MFI) are also effective catalysts for the olefins production in
methanol conversion reaction. For the catalysts with channel
intersections, aromatic- and olefin-based mechanisms can
work simultaneously. The shape/size of the aromatic species
and their reactivity depend on the dimensions of the intersec-
tion cavities, which is similar to the findings for the cavity-type
8-MR molecular sieves. By decreasing the acid density of the
catalyst, the olefinic cycle can be effectively promoted, leading
to enhanced propylene selectivity and propylene/ethylene ratio,
together with notably reduced aromatics selectivity. For ZSM-5
with optimized acidity, a propylene selectivity of 40-50% with
a propylene/ethylene ratio of 5-10 can be achieved.?3] ZSM-22
(TON) with 1D channels is another typical representative
among the 10-MR molecular sieves. The lack of internal cavity
suppresses the aromatic-based cycle and makes olefin-based
cycle the prevailing route. C3—Cs hydrocarbons dominate the
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product spectrum with low selectivity of ethylene and aro-
matics. However, the 1D channel of ZSM-22 tends to cause
diffusion limitation, resulting in fast catalyst deactivation.l?¥
Large-pore 12-MR molecular sieves are generally employed for
mechanism elucidation, and Beta zeolite with low Si/Al ratio is
the favorite model material.?>! Due to the lack of space limita-
tion and high acid concentration, the aromatics cycle prevails in
the reaction, yielding C,* aliphatics and aromatics as the main
products.?%l Recently, high-silica Beta zeolites (Si/Al > 100) with
low acid density were employed in MTO reaction and yielded a
surprising propylene selectivity (up to 58% at 550 °C) together
with a high propylene/ethylene ratio (>10) and long lifetime.[”!
Mechanism investigation evidenced that the low acid density
on the catalyst made olefinic cycle the dominant route, which
explains well the observed product distribution. However, the
total selectivity of ethylene plus propylene over both 10-MR and
12-MR catalysts is generally lower than 65% due to their rela-
tively large pore openings, which is remarkably inferior to that
on 8-MR catalysts.

With respect to the influence of the acidity on the MTO reac-
tion, it has been recognized that excess Bronsted acid sites can
enhance the possibility of successive reactions when the gen-
erated hydrocarbons escape from the channels to the effluent;
higher acid strength could increase the secondary reaction
rates and aggravate the retention of coke precursors.?8! Both
circumstances could accelerate the coke formation and cause
a shortened catalyst lifetime and a reduced olefin selectivity.
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Hence, the catalysts with mild acid strength and relatively low
acid density (e.g., low-silica SAPOs) should be more appropriate
for the MTO reaction, which can slow down the coke deposi-
tion and achieve longer catalytic lifetime. Moreover, the allevi-
ated side reactions could facilitate the improvement of olefin
selectivity.28d In principle, lower acid density or weaker acid
strength increases the contribution of the olefinic cycle. Chen
et al. investigated the MTO reaction activity and mechanism on
small pore AIPO-18 and low-silica SAPO-18s (Si/(Si+Al+P) =
0.014, 0.052).2 The methanol conversion and the formation/
accumulation of active HCP species were found to rise with the
increase of Brensted acid density of the catalysts. Over nona-
cidic AIPO-18 catalyst, the methanol conversion was very low
and the reaction mainly followed the olefinic route; for SAPO-18
with lower Bronsted acid density of 0.246 mmol g}, two cycles
were involved for the formation of olefins; for SAPO-18 with rel-
atively high acid density (0.568 mmol g!), the aromatics mecha-
nism became the dominant route. Moreover, investigations on
the MTO reaction over low-silica SAPO-34s showed that long
catalyst lifetime and high selectivity toward ethylene plus pro-
pylene could be concomitantly achieved on SAPO-34 with a
Brensted acid density of 0.52 mmol g™';B% further lowering the
acid density of SAPO-34 (0.39 mmol g!) led to a shortened life-
time, likely resulted from the insufficient acid sites. It implies
that for one specific molecular sieve, acid density is a critical
parameter for selectivity optimization and lifetime extension.
The acid density should be tuned at relatively low, but appro-
priate level to achieve long catalyst lifetime and optimized light
olefins selectivity.

Apart from the topology and acidity, crystal size is another
important factor affecting the MTO performance of the
molecular sieve catalysts. Decreasing the crystal size or intro-
ducing mesopores into the crystals has been demonstrated to
be effective strategies to reduce the diffusion limitation and
side reactions, which could slow down the coke deposition and
prolong the catalyst lifetime.?!] For 8-MR molecular sieves such
as SAPO-34, decreasing the crystal size was found to have little
impact on the selectivity of the catalysts at comparable coke con-
tent.l32 However, for 10-MR and 12-MR materials, small crystal
sizes or hierarchical structures may give rise to an increased
selectivity to heavier products along with the prolonged life-
time.[26331 Tt is noted that internal defects may be created in the
aluminosilicate crystals while synthesizing nanocrystallines or
introducing mesopores,** which would partially offset the posi-
tive effect of shortened diffusion path. However, the influence
of lattice defects in SAPO crystals on methanol conversion is
yet to be identified.

3. Synthesis and Optimization of SAPO-34 Catalyst

The formation of SAPO framework could be considered as the
incorporation of Si atoms into the neutral AIPO, framework,
generating bridged Si(OH)AI hydroxyls (Brensted acid sites)
with milder acidity than its aluminosilicate analogue. The
chemical environment of Si atoms generally becomes complex
from single Si(4Al) species to its coexistence with Si islands
as the increase of Si content. The Si(nAl) species (n =1, 2, 3),
located at the margin of the Si islands, have been acknowledged
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to possess relatively strong acidity compared to Si(4Al) spe-
cies.? Up to now, SAPO-34 is still the most effective MTO
catalyst owing to its small 8-MR window, unique CHA cavity
structure, medium/strong acidity, and excellent hydrothermal
stability. Considerable efforts have been invested to improve the
ethylene plus propylene selectivity and alleviate the deactiva-
tion of SAPO-34 catalysts. The optimization strategies include
the tuning of the acidity, mainly by Si manipulation in the
SAPO-34 framework, and the preparation of crystals with small
sizes or hierarchical porosities. Relatively low acid density (low
Si content) with mild acid strength generated from Si(4Al) spe-
cies is highly desirable for the MTO reaction, as summarized in
Section 2. In this section, the advances in Si environments con-
trol, synthetic strategies of low-silica SAPO-34 and nanosized/
mesoporous SAPO-34, as well as their catalytic performance
are reviewed.

3.1. Organic Template and Si Chemical Environment

Organic template is indispensable for the crystallization of
SAPO materials. The choice of organic template could influ-
ence the capacity of Si incorporation and the local Si envi-
ronments. Over 30 templates have been reported to be able
to direct the structure of SAPO-34. Tetraethylammonium
hydroxide (TEAOH) is one of the most powerful templates
which can direct the crystallization of SAPO-34 with relatively
low Si content.?®) Only one TEAOH molecule can be accom-
modated in each CHA cage, due to its relatively large molecular
dimension. Theoretically, the upper limit of Si content (termed
as Si/(Si+Al+P)) for the existence of single Si(4Al) environment
is 0.083 in TEAOH-templated SAPO-34, which corresponds
to one Si atom per CHA cage (12 T atoms) balanced by one
template cation. With the further increase of the Si content,
the formation of Si islands becomes inevitable in order to
keep the charge balance between the negative SAPO frame-
work and template cations. It is noted that the crystallization of
Si-enriched SAPO-34 by TEAOH template is difficult. Mean-
while, the Si content of SAPO-34 templated by TEAOH cannot
be reduced indefinitely because SAPO-18/34 intergrowth phase
or even pure SAPO-18 may form at a low silica dosage.*’! Trieth-
ylamine (TEA) is another large and common template for the
synthesis of SAPO-34. It indeed directs a phase of SAPO-34/18
intergrowth with CHA as the majority although relatively low
Si content (=0.06) can be achieved.’® The ethylene plus pro-
pylene selectivity in MTO reaction on such kind of material is
lower than that on SAPO-34 with pure CHA structure.’% This
is reasonable as discussed in Section 2. The larger AEI cages
of SAPO-18 favor the formation of larger active intermedi-
ates, which prompt the formation of propylene and butylene.
Therefore, it is important to avoid the AEI intergrowth while
synthesizing the SAPO-34 catalyst. Morpholine (MOR) and
diethylamine (DEA) are two small templates which can be
doubly accommodated in one CHA cage. This also explains the
higher Si incorporation and more Si(4Al) species in the DEA-
and MOR-directed products. The Si content of SAPO-34-DEA
and SAPO-34-MOR is generally higher than 0.09.40)

To expand the templates for SAPO-34 synthesis is attrac-
tive for both industry and academia, which can offer more
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Figure 4. a) Proposed organic structure-directing agent mimics of the different intermediates present in the HCP paring route. b) Zeotypes obtained
using these mimics. Reproduced with permission.[*”l Copyright 2018, Springer Nature.

opportunities for the optimization of SAPO-34 catalyst. Fan
et al. developed an aminothermal process to synthesize
SAPO-34 where organic amine was used as both the dispersing
medium and the template.*!] In such a system, a variety of
organic amines including diisopropylamine (DIPA), N,N,N’,N'-
tetramethylethylenediamine (TMEDA), diglycolamine, and
diisopropanolamine have been found to be capable of directing
SAPO-34 with high solid yield.*?] Subsequently, DIPA was
found to function well in the hydrothermal synthesis of SAPO-
343 Compared with the isomeric dipropylamine (DPA) tem-
plate, an enhanced crystallization rate and solid yield were
observed for the DIPA-templated synthesis, owing to the higher
efficacy of DIPA template as rationalized by theoretical simu-
lation. The lower Si content (lower acid density), weaker acid
strength (single Si(4Al) environment), and relatively uniform
Si distribution in the crystals corporately helped SAPO-34—
DIPA exhibit longer lifetime and higher olefin selectivity. Very
recently, Yan et al. determined the locations and orientations
of four templates cyclohexylamine (CA), n-butylamine (BA),
DIPA, and DPA in the CHA cage of SAPO-34/44 through Riet-
veld refinement and simulated annealing against PXRD data.[*
It was found that one CHA cage could be occupied by either two
templates (CA and BA) in the up-and-down arrangement or one
template (DIPA and DPA) in the longitudinal configuration.
Different cell parameters observed for these SAPO-34s suggest
their distinct microstructures, which may also contribute to the
deviation of light olefin selectivity on these samples. Based on
the understanding of the configuration of template molecules
in the SAPO crystals, we developed a novel approach called
RSS (refining, summarizing, and searching) to identify appro-
priate templates for synthesizing specific SAPO materials.*’!
Adopting the RSS approach, the template reserve of a small
pore SAPO material DNL-6 has been extended from two types
to fourteen additional commercial ones. Besides, Corma and
co-workers proposed a new template-design strategy by mim-
icking the transition states of some pre-established chemical
reactions.[*!l They synthesized cavity-type small pore SSZ-13,
SAPO-18, and RUB-13 using the mimics of the hydrocarbon
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pool intermediates (shown in Figure 4) as organic template.
The materials obtained were capable of performing the MTO
reaction.’] Hopefully, these efforts and findings might help
find more powerful templates to prepare SAPO materials with
excellent MTO catalytic performance.

3.2. Synthesis of Low-Silica SAPO-34

Fluoride-mediated route has been demonstrated to be effective
for low-silica SAPO-34 synthesis, because fluoride can stabi-
lize the AlIPO4-34 framework by the coordination formation of
Al—(11,-F),—Al units.*® With the assistance of fluoride, Dai et al.
synthesized a series of SAPO-34 with varied Si content (0-0.05)
using MOR template and investigated their MTO perfor-
mances.[*] The sample with a Si content of 0.03 (Brensted acid
density: 0.32 mmol g!) exhibited the longest catalytic lifetime
due to the well-balanced olefinic and aromatics cycles. SAPO-34
with extremely low Si content deactivated faster due to the cov-
erage of acid sites instead of channel blockage. Besides the sta-
bilizing effect for the framework of low-silica SAPO-34, F~ ions
could also help optimize the Si coordination environment. Xu
et al. investigated the effect of HF in the synthesis of SAPO-34
using TEA as the template, and found that the proportion of
Si(4Al) species rose gradually with the increase of F~ ion con-
tent in the initial gel .’

Since the introduction of fluoride is not welcome in industries
due to the corrosion problems, endeavors toward the fluoride-
free synthesis of low-Si SAPO-34 are also carried out. Hitherto,
to prepare SAPO-34 with adjustable Si content lower than 0.06
without fluoride media still remains challenge. To decrease Si
dosage in the initial gel or shorten crystallization time is cer-
tainly an easy approach to reduce the Si content in the products.
However, the resultant materials often contain impurities when
employing a low Si dosage. Also, insufficient crystallization
time may give rise to low crystallinity and solid yield. Recently,
Gao et al. found that the efficiency of Si incorporation dropped
at low temperature, resulting in a decreased Si content in the
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SAPO-5 product.’!l In addition, the crystal growth habit was
also changed and led to the fabrication of SAPO-5 nanosheet
assemblies with different morphologies. With this experience,
Gao et al. further employed the low-temperature synthesis
approach to prepare SAPO-34 and succeeded in the preparation
of low-silica SAPO-34.3% The lowest Si content, achieved at a
crystallization temperature of 120 °C, was around 0.039. The
best MTO catalytic performance (both selectivity and lifetime)
was found to be reached on SAPO-34 with a Si content of 0.047
(Brensted acid density: 0.52 mmol g~!). When using SAPO-34
with the lowest Si content of 0.039 as the catalyst, a shortened
lifetime was observed, despite the high olefin selectivity.

3.3. Synthesis of Mesoporous/Nanosized SAPO-34
3.3.1. Soft-Template-Assisted Method

Synthesis of mesoporous SAPO-34 by hard templates is rela-
tively scarce. The main problem hindering its application lies
in the weak interactions between the hard template and the
inorganic gel. In contrast, soft templates like surfactants are
well-acknowledged to be more flexible and efficient for the
morphology control due to their designability and self-assembly
properties. The strong interactions between the soft template
and the inorganic source could effectively help avoid the phase
separation between microporous and mesoporous structures.
Organosilane surfactants with long alkyl chain and quaternary
ammonium groups like [3-(trimethoxysilyl)propyljoctadecyldi-
methylammonium chloride (TPOAC) are widely employed soft
templates for the preparation of mesoporous SAPO-34. The mor-
phology of SAPO-34 was found to be related with both the choice
of microporous templates and the dosage of the mesoporogen.
Figure 5 shows the images of SAPO-34s synthesized using four
different microporous templates together with TPOAC.Y Cubic
agglomerates of small nanocrystals were formed when MOR
was used as the template.’?* The morphology became spherical
nanosheet assembly when DEA was used under the similar
crystallization conditions.’?") In TEA-templated system, the
crystals further evolve into cubic assemblies of nanosheets.>
A common feature is that all the crystals are in the form of
nanoassemblies with large secondary particle size, in contrast
to the traditional rhombohedral single crystals of SAPO-34,

www.advmat.de

obviously due to the self-assembly function of the introduced
surfactants. Notably, the creation of Si defect sites (Si—OH) is
inevitable with the removal of the introduced organosilanes,
which in turn leads to a mismatch between the acidities and the
Si content of SAPO-34. Compared with traditional SAPO-34 of
similar Si content, SAPO-34 prepared in the presence of orga-
nosilanes is expected to be inferior in both the acid strength and
density. Although the preparation of mesoporous SAPO-34 was
successfully achieved when mesoporogen was introduced, an
obviously retarded crystallization process and a narrow crystalli-
zation phase region could be observed in such systems. A large
amount of ball'milled SAPO-34 precursor was subsequently
introduced, and the crystallization of mesoporous SAPO-34 can
be completed within 4 h. This method is nominated as a recon-
struction strategy.’¥] As shown in the left column of Figure 6, the
SAPO-34 product exhibits uniform 300-500 nm dice-like parti-
cles with rough surface. Each particle is composed of 20-50 nm
nanocrystals with abundant additional auxiliary porosities. The
existence of mesopores and their good connectivity with the
microporous channels were confirmed by N, adsorption and
variable-temperature laser-hyperpolarized (HP) '??Xe NMR and
2D-NMR exchange spectroscopy (EXSY). The single crystal nature
of the particle was confirmed by selected large area electron dif-
fraction (Figure 6, left column). The formation of mesoporous
SAPO-34 single crystal could be rationalized by comparing the
crystallization curves of the different synthetic systems, as dis-
played in Figure 6. When TPOAC was added alone, both the
nucleation and crystal growth rate were slowed down comparing
with the conventional system; the nucleation period was skipped
and polycrystal assemblies were achieved with the mere pres-
ence of ball-milled SAPO-34 precursor; when TPOAC and the
ball-milled precursor coexisted in the gel, the formation rates of
microporous and mesoporous structures were well-matched, and
thus mesoporous SAPO-34 single crystals preferentially formed.
The material showed a much better hydrothermal stability than
normal mesoporous SAPO-34 thanks to its single crystal feature,
which should be attractive for the industrial application.

Various nonsurfactant organosilanes are also explored to
replace the expensive TPOAC. 3-piperazinepropylmethyl-
dimethoxysilane (PZPMS), commonly used as a commercial
textile finishing agent, is one of the candidates. Wu et al. syn-
thesized SAPO-34 nanocrystal assemblies by using such an
additive together with TEA as a microporous template.?” The

10pm
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MOR DEA

Figure 5. Four different morphologies of SAPO-34s synthesized by mesoporogen TPOAC with different microporous templates. TEAOH image:
Adapted with permission.*2d Copyright 2019, Springer Nature. TEA image: Reproduced with permission.?d Copyright 2016, The Author. MOR image:
Adapted with permission.22 Copyright 2014, Royal Society of Chemistry. DEA image: Adapted with permission.’?®l Copyright 2015, Royal Society

of Chemistry.
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Figure 6. Scanning electron microscopy (SEM) and TEM images of mesoporous SAPO-34 single crystals (left), SAED pattern taken with the selected
circle region along the [-111] zone axes (left), SEM images of reference samples (middle), and crystallization curves of SAPO-34 in four different crys-
tallization systems (right). Adapted with permission.’3l Copyright 2016, Royal Society of Chemistry.

PZPMS plays triple functions in the synthesis, i.e., cotemplate,
crystal growth inhibitor, and part of the silica source. Impor-
tantly, piperazinyl group as a cotemplate can effectively inhibit
the intergrowth of SAPO-18/34 phase. The catalytic lifetime
was remarkably prolonged together with an enhanced selectivity
of light olefins owing to the decreased crystal size and perfect
CHA structure. Yang et al. synthesized SAPO-34 nanoaggre-
gates using phenylaminopropyl-trimethoxysilane (PHAPTMS)
as part of Si source and TEAOH as a microporous template.l>*l
The PHAPTMS was grafted on the crystal surface of SAPO-34
with the formation of Si—O—Si—C bonds, which inhibited the
crystal growth and modified the acid distribution significantly.
Zheng et al. found that phenyltrimethoxysilane (PTMS) could
significantly slow down the crystallization rate of SAPO-34 in a
TEAOH-templated system. During the hydrothermal crystal-
lization process, the C—Si bond in PTMS cleaved and it was the
resultant Si(OH), that actually participated in the crystallization.
Agglomerated SAPO-34 nanocrystals (=100 nm) were obtained,
which exhibited enhanced catalytic stability in MTO reaction.
To circumvent the impact of Si from organosilanes on the
framework acidity, nonsilane organics are extensively explored
for SAPO-34 synthesis. Wang et al. designed and employed
an organophosphorous surfactant [2-(diethoxylphosphono)
propyl] hexadecyldimethylammonium bromide (DPHAB) for
mesoporous SAPO-34 synthesis, in combination with various
microporous templates.’®) TEAOH showed the best cooper-
ating ability with DPHAB to direct the formation of nanosized
and mesoporous SAPO-34. Wu et al. synthesized nanosized
SAPO-34 under the assistance of seeds and the presence of
bifunctional 1-[2-(2-hydroxyethoxy)ethyl]piperazine (HEEP) or
1-(2-hydroxyethyl)-piperazine (HEP) (Figure 7).l The resultant
samples exhibited improved transport properties and enhanced
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MTO catalytic performances. Solid state 3C MAS NMR indicated
that the organics decomposed during the crystallization process.
Thanks to the accelerated nucleation by seeds, HEEP/HEP took
effect before its decomposition. Otherwise, large crystal sizes
would be obtained as displayed in Figure 7. A possible crystal-
lization process had been proposed and illustrated in Figure 7g.
The piperazinyl groups acted as a cotemplate prompting the
formation of pure CHA phase, while the hydroxyl/ether groups
helped restrain the crystal growth. Recently, Guo et al. employed
a low-cost cationic nonsurfactant polydiallyldimethylammonium
chloride (PDADMAC) together with MOR template to synthesize
SAPO-34.58 The PDADMAC molecules were evidenced to be
embedded within the SAPO-34 crystals. The existence of abun-
dant intracrystalline mesopores was confirmed by transmission
electron microscopy (TEM) images. The prepared SAPO-34 exhib-
ited a remarkably prolonged catalytic lifetime and excellent light
olefins selectivity in MTO reaction. Another interesting additive
is rapeseed pollen extract.?”) During the hydrothermal treatment,
the components of the extract could react with TEA to form new
amino-containing compounds, which directed the assembly of
SAPO-34 nanosheets into a blossoming flower-like morphology.

3.3.2. Influence of Starting Reactants

Discussions about the effects of Si and Al sources on SAPO-34
crystallization are relatively rare, in spite of their vital roles in
synthesis. It has been demonstrated that the Si atoms directly
take part in the nucleation of SAPO-34, and the insufficient Si
dosage may lead to competitive phases like AFI, AEI, or AEL.
In addition, the choice of Si sources may play a crucial role in
the shape and size control of SAPO-34 crystals, attributed to
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Figure 7. a—f) SEM images of the synthesized SAPO-34 using TEA template: with HEP and seeds (a); with HEEP and seeds (b); with HEP alone (c);
with HEEP alone (d); with none (e); and with piperzine (f). g) Proposed formation scheme of nanosized SP34-HEEP-s. TEA molecules in the structures
are omitted for clarity. a—g) Adapted with permission.l’”] Copyright 2018, Royal Society of Chemistry.

their different solubilities and reactivities. Lin et al. prepared
a variety of SAPO-34 crystals using TEAOH as the template.["]
Modified morphologies from nanosheets (=250 x 50 nm) to
uniform nanoparticles (=100 nm) can be achieved by varying
the Si source from colloidal silica to TEOS. Zhu et al. found that
mesoporous SAPO-34 could be prepared from a natural layered
kaolin material, functioning as both the Si and Al sources, the
layered structure of which influenced the crystal growth and
the consequent morphology.®!! In contrast, using preshaped
kaolin microspheres (30-100 um) instead would lead to the
crystallization of conventional SAPO-34 crystals on the micro-
sphere surface and in the solution. Based on our exploration on
the synthesis of mesoporous SAPO-34s, organic Si (ethyl ortho-
silicate) and Al sources (aluminum isopropoxide) seem to have
better interaction with mesoporogen or other organic additives,
leading to a facile preparation of mesoporous zeolite product.
Dry gel conversion is another interesting synthetic method
featured by the concentrated reactants gel. Such system may
offer high concentration of nuclei and slow growth rate,
favorable for the preparation of small crystals. Hirota et al. syn-
thesized SAPO-34 nanocrystals by a dry gel conversion method
using TEAOH template.°?l The average crystal size was 75 nm.
Rimaz et al. synthesized mesoporous SAPO-34 with dry gel
conversion method in the presence of carbon nanotubes as a
hard template and DEA as a microporous template.®*l Gong
et al. synthesized hollow SAPO-34 cubes with a hierarchical
structure by the dry gel method.[* The addition of gelatin in
the synthesis was found to be responsible for the formation of
the hierarchically organized internal structure. Although the
dry gel conversion could be operated easily in laboratory, the
preparation of the dry gel precursor is time-consuming and
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energy-intensive, limiting its practical applications in industry.
Moreover, the product quality is often nonuniform with the
presence of low-crystalline impurities due to poor mass transfer.

3.3.3. Microwave- and Ultrasound-Assisted Methods

The choice of heating mode could also influence the mor-
phology of SAPO-34. Compared with conventional oven
heating, microwave irradiation might provide a rapid and uni-
form heat energy for the synthetic system, which effectively
eliminates the undesired temperature gradient through dipole
vibration of solvent and reactants. In this way, a higher concen-
tration of nuclei and similar crystal growth rate may be reached,
leading to small particles in uniform sizes. Up to now, TEAOH
is the major choice of template for the studies on the micro-
wave-assisted synthesis of SAPO-34, and the resultant crystal
size was reported to be around 200 nm.[®! The crystallization
time was shortened due to improved crystallization kinetics,
and the Si incorporation level was also lowered leading to rela-
tively mild acidity.l®! Additionally, Askari et al. succeeded in the
preparation of SAPO-34 nanocrystals through sonochemical-
assisted hydrothermal synthesis.*”! The generation of local-
ized hot spots provided high temperature and pressure, which
helped break the chemical bonds and accelerated the reaction.

3.3.4. Postsynthesis Treatment

Postsynthesis treatment is an effective top-down method to
modulate the crystal properties. As an industrialized method,
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Figure 8. TEM images of hollow SAPO-34s achieved through the alkaline and acid treatments (up), and the proposed formation scheme (below).
Reproduced with permission.’® Copyright 2016, Royal Society of Chemistry.

dealumination by acid leaching or steaming treatment is
often used to enhance the Si/Al ratios of aluminosilicate
zeolites.?12>68] Desilication in alkaline or fluoride media has
been applied to introduce mesoporosity into zeolites. Unfortu-
nately, all these strategies are difficult to be applied to the SAPO
system because their framework structures are not as stable as
those of aluminosilicates. To explore the opportunities of mod-
ifying SAPOs in this way, Verboekend et al. treated AIPO-5,
SAPO-5, SAPO-11, and SAPO-34 by various acids and bases
with the aim of creating mesopores.[®) The relative stability
of zeotypes in basic media is rationalized through this work,
which varies from very high for H5SisAl;50,, to moderate
Si0,, to low AlysPy50,. It demonstrates that the composition
of parent molecular sieve is vital for its postprocessing results.
Qiao et al. synthesized a special SAPO-34 parent with high Si
content and abundant Si environments.’") After a controlled
acid or base etching, hollow SAPO-34 single crystals with a
shell thickness of 30-50 nm and high crystallinity was success-
fully prepared. Si gradient in the parent crystals (increasing
Si content from the core to the surface) was revealed to play
an important role in the generation of hollow structure. The
morphology of formed hollow SAPO-34 and the proposed for-
mation mechanisms are shown in Figure 8. Chen et al. devel-
oped a fluoride route for the post treatment of SAPO-34 by
using HF-NH,F buffer solution.”!! They found that the treat-
ment results were closely related with the choice of SAPO-34
parent. Hierarchical porous structures could be readily created
in TEA-templated SAPO-34 due to a preferential dissolution
of the Si-rich zones located on the highly defected interfaces
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between crystalline domains. An improved MTO catalytic per-
formance was observed for this sample. Liu et al. developed a
facile TEAOH etching method to post treat SAPO-34 synthe-
sized by TEA template.’?l After the treatment, the Si content
decreased accompanied with a homogenous loss of Al and P;
two kinds of pore patterns, i.e., scattered pores on the top and
bottom surfaces and an hourglass-like pore pattern on the four
side surfaces could be observed. Similar morphology was also
achieved by an in situ growth etching method in TEA system
developed by Xi et al.’3 These results demonstrated again the
importance of parent SAPO-34 for postsynthesis treatment.

Although the improved MTO catalytic performance can
be realized through a post-treatment strategy, solid yield and
product crystallinity are usually sacrificed as expenses. Yang et al.
developed a top-down strategy to prepare SAPO-34 nanocrystals
with improved MTO catalytic property, as shown in Figure 9.7
Conventional micrometer-sized SAPO-34 with a Si-enriched
crystal surface was first milled to obtain a SAPO-34 precursor
with low crystallinity and small particle size. The abundant
structural subunits left in the precursor help them recrystallize
quickly in an aluminophosphate solution or recycled mother
liquid, leading to nanosized product in high solid yield and crys-
tallinity. Moreover, the Si content of the recrystallized SAPO-34
was adjustable, and the surface Si enrichment was effectively
attenuated due to the consumption of Si and the exposure of
the interior of the precursor crystals. The reduced crystal size,
decreased acid density, and attenuated surface Si enrichment
resulted in a significantly prolonged lifetime together with an
increased selectivity toward ethylene plus propylene.
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Figure 9. SEM images and MTO results of SAPO-34 before and after post-
synthesis milling and recrystallization. Reaction conditions: T = 450 °C,
WHSV =4 h™', 40% methanol solution. Reproduced with permission./4l
Copyright 2014, Royal Society of Chemistry.

3.4. High Efficiency and Environment-Benign Synthesis
of SAPO-34

Up to now, the industrial production of molecular sieves
including SAPO-34 still adopts hydrothermal synthesis method.
This process normally results in large amount of waste water
and lower synthesis efficiency. Xi et al. reported a facile and
green route for the synthesis of mesoporous SAPO-34 cata-
lysts by recycling use of mother liquors.””! After three recy-
cles of mother liquors, the crystallinity, textural properties,
acidity, as well as the excellent MTO catalytic performance of
the mesoporous SAPO-34 were maintained well. However,
the compositional variation of the mother liquid required a
continuous input of composition analyses to compensate the
insufficient nutrition. To improve the synthesis efficiency, Fan
et al. developed an aminothermal synthesis approach, using
organic amines as the main dispersing medium, as mentioned
in Section 3.1.414276 Dye to the presence of only stoichio-
metric amount of water, significantly improved solid yield was
observed in this rather concentrated system. Moreover, the
mother liquid, primarily comprising organic amines, could
be easily recycled after distillation in the repeated synthesis
batch. In addition, Jin et al. developed a solvent-free method
to prepare SAPO-34, with advantages of low waste production
and high solid yield.””] Sun et al. used 20-50 nm SAPO-34
plates as seeds to synthesize SAPO-34."8 The crystallization
was believed to happen around the seeds which gradually dis-
solved and provided void space for crystal growth. The nano-
sized mesoporous SAPO-34 possessed a higher crystallinity,
enhanced solid yield, and improved MTO catalytic perfor-
mance. The discovery and use of effective seed-assisted method
would provide more broad space for the synthesis optimization
of SAPO-34.

An interesting attempt to fasten SAPO-34 synthesis is
reported by Sun et al. recently.”?) With the aid of seeds,
nanosized SAPO-34 was obtained in a stainless-steel tubular
reactor with an inner diameter of 9.0 mm within 10 min.
The remarkably reduced synthesis time was attributed to
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the fast heat transfer of the stainless-steel tubular reactor
in oil bath and rapid nucleation induced by the addition of
SAPO-34 seeds. In addition, Okubo and co-workers reported
the fast flow synthesis of SAPO-34 under the assistance of
seeds.® With the development of new synthetic methods
and the deepening mechanistic understanding of the crystal-
lization process and MTO reaction, the synthesis efficiency
of SAPO-34 with high catalytic performance is expected be
continuously improved.

4. Toward Enhanced Ethylene or Propylene Selectivity

4.1. Enhancing the Propylene Selectivity

The prices of light olefins vary alternately with the fluctuating
market demands, so it is highly desirable to steer the selec-
tivity toward certain demanded olefin product, and the cost of
product separation and purification will also be reduced. Hith-
erto, the reported propylene selectivity on molecular sieve cat-
alysts is normally lower than 55%. In order to maximize the
propylene production, Lurgi company developed a fixed bed
MTP technology based on high-silica ZSM-5, in which alterna-
tive olefins other than propylene undergoes recirculation.!3]
The accumulated propylene yield is around 65% (excluding
H,0). In addition, DICP developed a fluidized-bed DMTP tech-
nology for propylene production using SAPO-based catalyst
by coupling three reaction processes including methanol con-
version, alkylation of ethylene by methanol, and C,+ cracking
processes. The pilot test (32 kg h™! methanol) finished in
2015 gave a propylene selectivity of 75.0%, as well as 10.4%
ethylene.B!) Tsinghua University developed the fluidized-bed
FMTP technology in 2009 based on SAPO-18/34 catalyst, which
integrated a methanol conversion unit and a coupling reaction
unit for propylene and butylene, with a propylene selectivity of
=~67.3%.82 Currently, both DMTP and FMTP technologies are
yet to be commercialized.

Medium-pore ZSM-5 as the most popular catalyst for MTP
reaction has received considerable attentions and investiga-
tions. The optimization strategies for ZSM-5-based MTP
catalyst mainly focuses on two aspects: i) to decrease the acid
density to promote the olefin-based cycle and consequently
enhance the propylene selectivity; ii) to shorten the diffusion
path by decreasing crystal size or introducing mesoporosity
to prolong the catalyst lifetime. A variety of direct synthesis
methods and postsynthesis treatments have been reported for
the preparation of ZSM-5 catalyst to enhance its catalytic per-
formance. Considering the ready existence of several relevant
reviews, herein we will not further elaborate on it.[®%!

Promoting olefin-based cycle to enhance propylene selectivity
is also effective for large-pore zeolite catalyst. The research is
mainly focused on high-silica Beta zeolite. Bjergen et al. inves-
tigated the methanol conversion on dealuminated Beta (Si/
Al = 120) at 350 °C." A high propylene/ethylene ratio of 21
was observed, but the propylene selectivity (22.7%) was rela-
tively low. Both the aromatics and olefin cycles were revealed to
function in the reaction."4#4 Otomo et al. prepared a series of
dealuminated high-silica Beta via high-temperature calcination
and acid treatment.® They found that the propylene selectivity
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could achieve 37.4-49.7% over the material with a Si/Al ratio
of 112. Very recently, Zhao et al. synthesized high-silica Beta
zeolites with Si/Al ratio of 136-340, highlighted by their lower
acid densities, under the assistance of HF.[?l Higher reaction
temperature was found to favor the cracking of higher olefins
and the propylene production, and the propylene selectivity
could reach up to 58.3% at 550 °C. '2C/!*C-methanol switch
experiments revealed that the olefin methylation/cracking
mechanism dominated the reaction. Afterward, hierarchical
porous structure was further introduced into high-silica Beta
by using a concentrated system.[®%l The low water dosage was
found to accelerate the nucleation and crystal growth rate, and
promote the formation of nanoaggregates by preventing the
further fusion of the primary grains. The hierarchical structure
enhanced the accessibility of acid sites and molecular diffusion,
leading to the reduced occurrence of side reactions and a pro-
longed MTP catalytic lifetime. In addition, CON-type boron-
containing zeolite (Si/Al = 100-200) was also reported to exhibit
=~60% propylene selectivity as well as long catalyst lifetime.[®”]

Compared to 10-MR and 12-MR zeolite catalysts, small pore
SAPO molecular sieves with 8-MR windows have obvious supe-
riority for ethylene and propylene production. However, the
highest propylene selectivity reported for small-pore SAPO
molecular sieves is below 50% together with low propylene/
ethylene ratio (generally 0.8-2). This is because the aromatics
cycle is dominant on the small pore molecular sieves such as
SAPO-18 and SAPO-34 even with very low acid density. Very
recently, the preliminary results from Yang et al. revealed that
SAPO-14 molecular sieve with AFN topology and ultrasmall
cage (5.3 x 10.5 A) could catalyze the methanol conversion to
achieve an unprecedented propylene selectivity of over 70%
with a high propylene/ethylene ratio of 5-11.%% The aromatics
cycle in the ultrasmall AFN cage was greatly suppressed, and
the olefin-based cycle was supposed to predominantly con-
tribute to such a high propylene selectivity.

4.2. Enhancing the Ethylene Selectivity

Reports on promoting ethylene selectivity are relatively few.
Previous mechanistic research demonstrates that ethylene is
predominantly derived from methylbenzenes with two or three
methyl groups, but propylene comes from those with four to
six methyl groups.?! It suggests the possibility to improve the
ethylene selectivity through cavity modification, namely, con-
trolling the active intermediates by the confinement effects of
the host cavity. Recently, Zhang et al. reported that small pore
zeolite H-RUB-50 with LEV cage exhibited higher selectivity
for ethylene at 300 °C.®% Based on theoretical calculations and
experimental evidences, it was revealed that the steric confine-
ment of LEV cage led to the formation of methylbenzenium
and methylcyclopentenyl cations with fewer methyl groups,
which acted as the active intermediates for the preferential
production of ethylene. Generally, an ascending trend of the
ethylene selectivity with time on stream could be observed for
small pore molecular sieve catalysts, especially for SAPO-34 at
higher reaction temperatures (T = 450 °C). It can be regarded as
the result of the increased steric constraint by the incremental
coke deposition. This implies the possibility of enhancing the
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ethylene selectivity through precoking SAPO-34. Indeed, par-
tially regenerated SAPO-34 with precisely controlled amount of
hydrocarbon residuals has been adopted in the industrial DMTO
process to improve the ethylene and ethylene plus propylene
selectivity.”] Moreover, Zhong et al. demonstrated that Zn cation-
modified SAPO-34 catalysts prepared by ion exchange method
have a promoting effect similar to the precoking approach.
The Zn cations accommodated in the cavities introduce extra
diffusion limitation for hydrocarbons and increase the selectivity
to ethylene and the ratio of ethylene to propylene in the MTO
reaction. Until now, the highest ethylene selectivity achieved in
the MTO reaction is normally below 60%. Previously, Inui and
Kang reported a high ethylene selectivity as high as 88% on Ni-
containing SAPO-34.°Y This interesting result, unfortunately,
fails to be reproduced by the following researchers.

Very recently, Jiao et al. reported a highly selective prepara-
tion of ethylene from syngas using bifunctional oxide—zeolite
(ZnCrO,~mordenite) catalyst.””! The reaction was revealed to
proceed via ketene as an intermediate on the active sites of the
mordenite 8-MR side pockets, leading to an ethylene selectivity
(excluding CO,) up to 73% at a CO conversion of 26%. Given
that acetyl group (a physically adsorbed protonated ketene on
Bronsted acid sites) has been confirmed to link the direct and
aromatic mechanisms in the MTO reaction,®® it is supposed
that the reaction intermediates over zeolite in the STO process
may be comparable to that of the MTO process. These results
suggest the possibility of regulating the MTO product selectivity
by altering the reaction conditions (e.g., cofeeding with other
gases or coupling other functional components). Moreover, a
prolonged MTO catalytic lifetime was reported recently for the
physical mixtures of metal oxide with SAPO-34 catalyst, for
example MgOP¥ and Y,0,%! with SAPO-34. The metal oxide
catalyzes the dehydrogenation of methanol to formaldehyde
which transports between and within zeotypic/zeolitic domains
affecting the reaction pathway and catalyst lifetime.

5. Conclusions and Outlook

The large-scale industrialization of the MTO process in the
last decade has triggered a new round of worldwide research
interests in the MTO reaction mechanism and molecular sieve
catalyst. Intensive investigations together with the development
of in situ characterization techniques greatly deepen the fun-
damental understanding of the reaction mechanism, including
the formation of initial C—C bond. The progress on the MTO
reaction mechanism not only facilitates the technology develop-
ment, but also offers useful guidelines for the catalyst design
and optimization. Meanwhile, important advances are achieved
in the rational synthesis of molecular sieves with controlled
acidity and pore architectures, which significantly contributes
to the further optimization of MTO catalyst.

The topologies and acid properties of molecular sieve catalysts
are the key factors influencing their MTO catalytic performance,
which determine the reaction routes and product selectivity. Up
to now, SAPO-34 is still the most effective catalyst for the MTO
reaction. Although SAPO-34-based catalyst is already exten-
sively employed in the commercial MTO process, it is highly
desirable to further improve its catalytic performance and

(12 of 15) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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synthesis efficiency. The future research might include: 1) to
synthesize nanosized or mesoporous SAPO-34 with high quality,
in which the Si content, Si distribution, pore connectivity, and
hydrothermal stability should be well-controlled simultaneously;
2) to develop effective fluoride-free strategies to synthesize low-
silica SAPO-34 with high crystallinity and tunable Si content,
and elucidate the acidity-performance correlation for catalysts
of low acid density; 3) to couple other functional components
with SAPO-34 to optimize the reaction pathway and improve the
catalytic performance; 4) to develop cost-efficient and environ-
ment-friendly synthesis methods feasible for industrial scale-up
production. In addition, to meet the fluctuating market demand
for ethylene or propylene, it is valuable to develop specialized
catalysts with preferential ethylene or propylene yield. Progress
in this aspect is currently limited, which mainly depends on the
recycling reaction of undesired olefin products. The application
of new materials with appropriate topology (cavity size and pore
opening) and low acid density might provide more opportuni-
ties to maximize the yield for a specific product.

The breakthrough in syngas to olefins in recent years brings
new inspirations for the MTO process and its catalyst design. The
composite catalyst (oxides and zeolites) can effectively transform
syngas to light olefins (C,7—C,~, =80% selectivity excluding CO,)
with high ethylene selectivity (=73% selectivity)®? or with long
catalyst lifetime (>100 h).’%l The extended catalyst lifetime is
likely related with the hydrogenation ability of acid sites on zeo-
lites under high H, pressure.’”l These works also imply the pos-
sibility of prolonging the MTO reaction lifetime or tuning the
product selectivity by changing the reaction conditions.
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