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Abstract
As an effective non-petroleum based process for producing light olefins, the

methanol-to-olefin (MTO) route has become an indispensable alternative to the industrial
production of light olefins. The silicoaluminophosphate SAPO-34 zeolite (CHA-type
structure) has proven to be an efficient industrial catalyst for the production of ethylene and
propylene by the MTO reaction. However, the inherent structure and related diffusion
limitations of SAPO-34 limit the mass transport and thus cause rapid deactivation of the
catalyst. Fabrication of hierarchical SAPO-34 zeolite is one of the most effective strategies
to address the intrinsic diffusion limitation. As simple, inexpensive, and efficient approach,
the post-synthetic route has attracted considerable attention and widely used to introduce
secondary meso-/macropores into the microporous SAPO-34 material. Significant effort
has been dedicated to the development of post-synthesis strategies to prepare hierarchical



SAPO-34 zeolite, thereby enhancing its catalytic performance in the MTO process. This
mini-review addresses the post-synthesis preparation of hierarchical SAPO-34 catalysts and
their MTO performance. Furthermore, some current problems and prospects of the
post-synthesis route to hierarchical SAPO-34 catalysts are also revised. We expect this
mini-review to inspire the more efficient preparation of hierarchical SAPO-34 catalysts for
the MTO process.

Keywords: Zeolites; SAPO-34; Post-synthesis treatment; Hierarchical; MTO.

1. Introduction

Light olefins, such as ethylene, propylene, are essential raw materials in the chemical
industry of various polymers.[1, 2] Traditionally, light olefins are petrochemical derivatives
produced by naphtha cracking. The development of alternative non-oil route for light
olefins production is imperative to overcome the expected oil shortage worldwide and meet
the increasingly high demand for light olefins. The methanol-to-olefin (MTO) reaction, as a
linkage between coal/natural gas industry and chemical production, has provided a
successful non-petroleum route to produce light olefins from non-oil resources.
Consequently, intense research efforts have been dedicated to the understanding of MTO
reaction from both the academia and industry. The MTO reaction was first reported by
Mobil QOil Corporation in 1977.[3] Through the years, significant progress was achieved in
terms of the reaction mechanism, catalyst’s synthesis, and process development in the

MTO.[2, 4]

Design and optimization of an efficient catalyst is critical for any industrial process.
Microporous crystalline zeolites have been proved to be the most efficient catalysts for the
MTO reaction, due to their regular microporous architectures, unique shape selectivity,
appropriate acidity, and high thermal and hydrothermal stability. [4-12] Amongst them, the
SAPO-34 (CHA-type) silicoaluminophosphate that possesses three-dimensional channels
with 8-ring pore openings (0.38 nm x 0.38nm) and moderate acidity is particularly
appropriate for the MTO reaction.[13] However, the SAPO-34 catalysts generally suffer
from severe transport limitations leading to fast deactivation by the coke deposition.[14, 15]

Therefore, various synthetic strategies have been tested to minimize the intrapore diffusion



limitation in SAPO-34 and improve their MTO performance.[16-18] One of the most
widely employed approaches is to introduce secondary meso-/macro-pores into the intrinsic
microporous structure of SAPO-34, i.e., the fabrication of a hierarchical porous structure. In
this review, we present recent progress in the post-synthesis approaches to hierarchical
SAPO-34 zeolites. Besides the post-synthetic methods, the analysis addresses the current
challenges and outline the perspectives. The ultimate goal of this mini-review is to
highlight the most effective post-synthesis approaches for yielding hierarchical SAPO-34

catalysts with excellent catalytic performance in the MTO reaction.

2. Synthetic strategies employed in the preparation of hierarchical SAPO-34 zeolite
Materials and Methods

The synthetic routes operated in the development of hierarchical SAPO-34 zeolites can

be classified into two groups, i.e., bottom-up and top-down approaches.

The bottom-up approach refers to the use of sacrificial meso-porogens (soft or hard
template) besides the organic structure-directing agent (OSDA) in the starting zeolite
synthesis system.[19-24] Although it is a flexible and efficient way to prepare hierarchical
SAPO-34 there are substantial drawbacks that make this approach not very attractive from a
practical viewpoint. First, the high-cost of meso-porogens should be considered in
large-scale production. Second, the elimination of the meso-porogen usually includes
high-temperature combustion, which is an energy-intensive process. However, the
combustion of large organic species leads to the generation of substantial heat and water,
which causes the partial collapse of zeolite framework or the generation of extra-framework
aluminum species. Furthermore, defective sites might be generated during the formation of
hierarchical  structures  via  meso-porogens, which  deteriorates  catalyst’s
hydrothermal/mechanical stability. These problems are certainly challenging to be

surmounted in large-scale operations.

Compared with the bottom-up method, the alternative top-down route, which includes
a post-synthetic chemical etching of zeolite framework, is easier to be implemented and

does not require high-temperature treatment. Different chemical etching procedures were



developed to convert conventional aluminosilicate zeolites in hierarchical materials, such as
vapor steaming and various mineral acid and base caustic leaching. [17, 18, 25-32]
However, the generation of a hierarchical SAPO-34 material by post-synthesis treatment
etching is relatively tricky owing to the alternation of Al and P in the framework, the latter
being easily destabilized by chemical etching. Therefore, it was highly desirable to develop
applicable post-synthetic approaches specific for SAPO-34, which generate hierarchical
material without destabilizing the framework and substantially changing the framework
composition. Fig. 1 illustrates the impact of the chemical etching on the fabrication of
hierarchical SAPO-34 zeolites. In the following section, the representative post-synthesis

approaches are summarized and discussed in detail.
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Fig. 1. Conventional acid/base etching and its impact on the composition of hierarchical

SAPO-34 zeolite.

3. Post-synthesis methods applied in the preparation of hierarchical SAPO-34

The conventional post-synthesis etching is a demetalizing process, which usually
involves chemically selective extracting a framework cation, thereby changing the zeolite
framework composition and acidity. Since the framework of SAPOs is generally less stable
than the aluminosilicate zeolites, it is difficult to tailor SAPO-34 zeolites using traditional
acid/base etching. The lower chemical stability of SAPO-34 is due to the fact that the
silicon amount is limited, and the aluminum and phosphorous are alternate in the

CHA-type framework. Thus, the selective chemical extraction destabilizes the structure



(Fig. 2). Therefore, only an etching that allows unbiased extraction of framework elements
would allow the efficient generation of hierarchical SAPO-34 with retained

physicochemical properties.

Fig. 2. Summary of the post-synthesis etching approaches used in the preparation of

hierarchical SAPO-34.

3.1. Acid etching
Various mineral or organic acids have been employed to introduce secondary pores in

SAPO-34. Ren et al. reported that SAPO-34 crystals subjected to nitric acid etching exhibit
hierarchical structures with butterfly-shaped porous patterns on the faces, as shown in Fig.
3(A).[33] The secondary pores in the obtained hierarchical SAPO-34 comprise meso- and
macropores. The oxalic acid was also applied to etch SAPO-34 zeolites. As can be seen in
Fig. 3(A), the crystal faces of SAPO-34 after post-etching by oxalic acid exhibit a similar
secondary pore system but less obvious butterfly-shaped porous patterns in comparison
with those of nitric acid etching SAPO-34. The BET specific surface area of the oxalic acid
treated SAPO-34 increased sharply from 665 m®/g of parent sample to 876 m?/g. Compared
with the parent counterpart, the obtained hierarchical SAPO-34 shows longer catalyst

lifetime and higher selectivity to light olefins in the MTO process.

Qiao et al. prepared hollow SAPO-34 hierarchical crystals with a shell thickness of
about 30 nm by hydrochloric acid etching (Fig. 3(B)).[34] The HCI acid treatment leads to

preferential extraction of Al and P resulting in the formation of Si island in the crystal shell.


http://www.youdao.com/w/hydrochloric%20acid/#keyfrom=E2Ctranslation

Silicon gradient in the parent crystals plays a vital role in the generation of a hollow

structure.

A solvent-free process was developed to prepare hierarchical SAPO-34 by using solid
oxalic acid. This melting-assisted route is beneficial from a water-saving viewpoint.[35]
After post-treatment with solid oxalic acid, there are butterfly patterned abundant
meso-/macro-pores penetrating in the SAPO-34 crystals (Fig. 3(C)). The resultant
hierarchical SAPO-34 zeolite shows a micro-, meso-, and macro-porous composite pore
structure, high BET surface area, as well as a higher concentration of weak acid sites, thus

improving the catalytic performance in MTO reactions.

Fig. 3. SAPO-34 zeolites fabricated by acid etching. (A) SEM images of SAPO-34 crystals
treated with nitric (S-1) and oxalic (S-2) acid. Reprinted from ref. 29 (Copyright 2017,
Elsevier). (B) SEM (left) and TEM (right) images of SAPO-34 leached with HCI.
Reprinted from ref. 30 (Copyright 2016, Royal Society of Chemistry). (C) SEM images of
SAPO-34 (a and b) before and (d and e) after solid oxalic acid treatment, (c) schematic
drawing of the growth of SAPO-34, and (f) schematic illustration of the morphology of
treated SAPO-34. Reprinted from ref. 31 (Copyright 2018, Royal Society of Chemistry).

Besides introducing a hierarchical porous structure in SAPO-34 crystals, it is
important to tune the content and distribution of silicon, thereby adjusting the acidity of the
material. Shen and co-workers prepare the hierarchical SAPO-34 zeolites with slit-shaped
mesopores via citric acid etching.[36] Thus generated mesopores start from the crystal
surfaces and end at the center of the crystals. The citric acid leaching leads to a substantial
increase in the concentrations Lewis and Brgnsted acid sites on the external surface of

SAPO-34. Still, it decreases the total amount of acid sites. The resultant hierarchical



SAPO-34 material exhibits enhanced catalytic performance in the MTO reaction with about
2.5 times extended catalytic lifetime and a nearly 8% improvement of selectivity for

ethylene and propylene.

3.2. Base etching
The NaOH aqueous solution is commonly used as an etchant in the preparation of

hierarchical aluminosilicate zeolites.[32, 37] However, due to the limited chemical stability,
the SAPO structure is very sensitive to NaOH etching.[38] Liu and co-workers employed
the NaOH aqueous solution to treat SAPO-34 zeolites, which result in the formation of

hollow structures which is partially amorphisized.[34]

Fig. 4. (A) SEM images of SAPO-34 samples after treatment with TEAOH and TEM
images of SAPO-34 samples treated with TPAOH, TEAOH, and TMAOH. Reprinted from
ref. 30 (Copyright 2016, Royal Society of Chemistry). (B) SEM images of SAPO-34
crystals (a) before and (b) after TEAOH etching; (c) TEM images of (c) a side face with
touching triangles and (d) a side face without triangle dissolution. Insets: Schematics
illustration of (a) parent SAPO-34 and (b) hierarchical SAPO-34 crystals, (c) and (d)
illustration of the dissolution observed by TEM, and (d, left, down) selected area electron
diffraction (SAED) patterns. Reprinted from ref. 36 (Copyright 2016, Royal Society of
Chemistry). (C) SEM images of the hierarchical SAPO-34 samples etched at (a) 180 °C for
24 h and (b) 180 °C for 36 h. Reprinted from ref. 37 (Copyright 2019, Royal Society of
Chemistry).

Compared with the strongly alkaline inorganic base, the organic base with moderate
strength, are expected to be more appropriate in terms of gentle treatment and thus to

preserve the crystallinity of SAPO-34.[38] Liu and co-workers prepared hollow SAPO-34



crystals with a shell thickness of 50 nm through post-etching with tetraethylammonium
hydroxide (TEAOH), tetrapropylammonium hydroxide (TPAOH), tetramethylammonium
hydroxide (TMAOH) and diethylamine (DEA), as shown in Fig. 4(A). They use relatively
high etching temperature (180 °C). According to these authors, the abundant and
interconnected Si-O-Al domains that are highly stable in the SAPO framework are of great
help to endure the base leaching. Owing to the higher Si content in the rim of the crystals
hollow structures were formed.[38] These very open SAPO-34 materials demonstrated the

enhanced catalytic performance in the MTO reaction.

Zeng et al. performed the post-treatment of SAPO-34 zeolites in a lower concentrated
TEAOH etching solution and using lower etching temperature (90 °C).[39] Different from
the hollow structures reported by Liu et al.,[34] the obtained hierarchical SAPO-34 zeolites
exhibit symmetric meso-/macropores dissolution with triangle pore patterns (Fig. 4(B)).
The different etching patterns might be a consequence of different templates used by the
two groups (triethylamine by Zeng et al., and TEAOH and TMEDA by Liu et al.), which
might cause the different distribution of the framework atoms. No matter of different
etching patterns, the catalytic lifetime of the obtained hierarchical zeolites was significantly

prolonged, and the selectivity of light olefins enhanced.

In order to develop an efficient post-synthetic treatment method to hierarchical
SAPO-34 with minimum mass loss, trimethylamine (TEA) aqueous solution was used as an
etchant.[40] The particularity of this treatment is that the etching is coupled with a
recrystallization process, as dissolution and recrystallization occur simultaneously. Thus a
high yield of hierarchical SAPO-34 zeolites (ca. 85%) with larger secondary pores after
post-etching in TEA solution was obtained. The type and the level of dissolution are
dependent on the treatment conditions (temperature, time, etc.), as shown in Fig. 4(C). Such
an approach ensures less mass loss while retains the chemical composition. Meanwhile,
there is an increase in the external surface area and the mesopore volume during the
introduction of secondary porosity via such post-etching in TEA solution. Consequently,
the resultant hierarchical SAPO-34 catalysts show improved catalytic activity in the MTO

reaction due to the remarkably enhanced transport properties coupled with modified acidity.



3.3. Fluoride etching post-synthesis
Hydrofluoric acid (HF) is commonly used to dissolve silicon-containing materials.

Valtchev and co-workers have developed fluorine-based methods for the preparation of
hierarchical zeolite materials by post-synthesis etching.[30, 41] The particularity of the
method is the unbiased dissolution of framework Si and Al, thus retaining the chemical
composition of the material. This is possible by employing the bi-fluoride anion as an
etching agent, achieved by mixing HF and NH4F.[42] Later, the same group reported the
unbiased chemical etching based on the sole use of NH4F.[43, 44] The fluoride post-etching
method is very flexible and controllable for regulating both the density and size of the

secondary pore system.[45-49]

Fig. 5. (A) Representative low magnification SEM micrographs of the parent SAPO-34 and
the hierarchical material obtained by 30 min ultrasonic treatment in fluoride medium.
Reprinted from ref. 47 (Copyright 2016, Royal Society of Chemistry). (B) SEM images of
the parent and fluoride medium post-treated samples: SAPO-34-Mor: (a) parent SAPO-34,
and treated for (b) 30 and (c) 60 min; SAPO-34-TEA: (d) parent SAPO-34, and treated for
(e) 30 and (f) 60 min; SAPO-34-TEAOH: (g) parent SAPO-34, and (h) treated for 15 min.
Reprinted from ref. 48 (Copyright 2016, Elsevier).

The unbiased chemical etching of zeolite framework is particularly appropriate for the
etching SAPO-type materials. In 2016, Chen et al. applied the fluoride post-synthesis route
to fabricate hierarchical SAPO-34 zeolites.[50] By controlling the ratio between HF and
NH4F in the etching solution and using ultrasonic radiation, hierarchical SAPO-34 was
prepared. Noteworthy, the preferential dissolution of highly defected interfaces between
crystalline domains was observed, thus only the most crystalline part of SAPO-34 remain

after the etching (Fig. 5(A)). The number of Brgnsted acid sites of the hierarchical materials



decreases substantially during the fluoride treatment. Compared to the parent sample, the
obtained hierarchical SAPO-34 exhibits longer catalytic lifetime and higher selectivity of
low carbon olefins in the MTO reaction. The improved catalytic performance is attributed
to the remarkably enhanced mass transportation in CHA structure and preserved highly
crystalline domains, as well as the more appropriate moderate acid strengths (Table S1).
Chen et al. have also investigated the effect of fluoride etching on SAPO-34 crystals
templated by morpholine, triethylamine, and tetraethylammonium.[51] The impact of the
OSDA on the formation of a hierarchical SAPO-34 was studied in detail. The authors
reported that the dissolution process strongly depended on the organic templates employed
in the synthesis of SAPO-34 (Fig. 5(B)). The hierarchical SAPO-34 catalysts exhibited
higher selectivity to CsHg than the parent SAPO-34 in the MTO reaction. It was also found
that the post-synthesis fluoride etching not only generates a secondary large pore system in
SAPO-34, but also extracts the silicon preferentially at highly defected zones between the
crystalline domains. Thus, both the large pore generation and the decrease of Si content are

beneficial for improving the catalytic performance of SAPO-34.

Alternative etching agents that could provide hierarchical SAPO-34 material are
reported (Table 1). In general, a hierarchical SAPO-34 can be obtained with any

enchantable to dissolve the CHA-framework.
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Table 1. Summary of various leaching agents employed for the post-treatment of SAPO-34 zeolites.

. . Yield SgeT Vineso Lifetime
Leaching agent Microporous template Structure/morphology = B ; Ref.
(%) (m*/g) (cm¥g)  (min)
a
HNO; Butterfly-shaped porous patterns on the 70 671 0.01 360
TEA [33]
. . a
Oxalic acid four side faces 72 876 0.04 390
A hollow structure with cougher surface
HCI TEAOH + TMEDA , 25 705 0.26 [34]
and wall thickness of about 30 nm
_ . ) A butterfly patterned hierarchical pore B
Solid oxalic acid TEA . ) o 673 0.03 580 [35]
system and high relative crystallinity
A novel slit shape starts from the crystal
Citric acid TEA + TEAOH surfaces then ends at the center of the 415 0.08 720° [36]
crystal
HCI 81 0.01
Strongly amorphous
H4,EDTA 78 0
Na,H,EDTA Preserving the crystallinity during treatment 84 0.01
NaOH Supplied by ACS Material Decreasing the crystallinity during 73 0.02 [38]
NaOH + TPABr treatment 74 0.02
TPAOH Strongly amorphous 79 0
DEA Preserving the crystallinity during treatment 85 0.01

2 Catalyst weight = 3 g (20-40 mesh), T =723 K, WHSV =1 h™%,
P Catalyst weight = 3 g (20-40 mesh), T = 673 K, WHSV =1 h™.
¢ Catalyst weight = 1 g (40-60 mesh), T = 673 K, WHSV =1 h™.

Table 1. Continued
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. ) Yield SgeT Ve Lifetime
Leaching agent Microporous template Structure/morphology 7 = ; Ref.
(%) (m*/g) (cm”g)  (min)
NaOH Strongly amorphous
DEA 42
TEAOH TEAOH + TMEDA 35 614 0.11 [34]
Hollow structures with uneven surfaces
TMAOH 39
TPAOH 38
Scattered pores on the top and bottom
surfaces and an hourglass-like, touching q
TEAOH TEA ) ) 0.037 640 [39]
triangles pore pattern on the four side
surfaces
A symmetric cross-shaped dissolution 5
TEA TEA . 82.7 566 0.05 186 [40]
profile
A mosaic structure of nano-particles of
TEAOH 42 488 0.24 [50]
rectangular shape at the crystal faces
_ _ Morpholine Rough surface and some large holes 509 0.02 86°
HF-NH4F mixed solutions
A symmetric cross-shaped dissolution B
TEA ) 529 0.04 226 51
profile (51]
Rough surface and amounts of mesopore 3
TEAOH 394 0.32 246

inside

d Catalyst weight = 3 g (20-40 mesh), T = 673 K, WHSV = 0.73 h™.
® Catalyst weight = 0.3 g (40-60 mesh), T = 673 K, WHSV =2 h",
fCatalyst weight = 0.3 g (40-60 mesh), T = 723 K, WHSV =4 h ™,
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4. Conclusion and outlook

The practical importance of the MTO process continuously boosts the development
and optimization of SAPO-34-based catalysts. The fabrication of hierarchical structures in
the microporous SAPO-34 zeolite by the facile post-synthesis method can improve
mass-transfer resistance, open the access to the active-sites, modify the acidity and retard
coke deposition. Therefore, it has been one of the most promising routes to prepare

hierarchical SAPO-34 zeolite to facilitate its catalytic performance in MTO reactions.

However, the post-synthesis method modifications are often at the expense of the
framework stability, crystallinity, and acidity. Moreover, it is important to gain precise
regulation of hierarchical characteristics and active sites distribution for the construction of
an efficient SAPO-34 catalysts. The efficient chemical etching coupled with the in-situ

recrystallization process is expected to address stability and crystallinity issues.

The post-synthesis chemical etching also leads to substantial losses of crystalline
material that could go over 50 wt.%. Furthermore, the use of an etching agent raises the
synthetic cost, and in general, it is not environmentally benign. Therefore, it is highly
desirable to optimize the current post-synthesis methods further. The development of
alternative, economic, green, and efficient post-synthesis strategies to meet the increasing
demand for hierarchical SAPO-34 is also highly desired. Hence, the solvent-free method
presents considerable interest and an attractive alternative for the fabrication of hierarchical

SAPO-34 catalysts.

This mini-review summarizes the most important issues related to the preparation of
hierarchical SAPO-34 catalysts by post-synthetic treatment. Addressing these issues will
open the boulevard to a more rational design of highly performing materials, and guide the

future direction in this field.
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