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Abstract

In present work, bi-phases composite zeolites consisting of SAPO-5 and SAPO-34 (named as SSC) are prepared by a tradi-
tional hydrothermal way, and characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), N, adsorp-
tion—desorption, intelligent gravimetric analyzer (IGA), intrusive mercury technology, and NH;-TPD techniques. The results
display that the crystals in the as-synthesized composites have a hierarchical pore system with a size of about 3—130 nm,
which displays a butterfly-like pattern on the crystal faces and runs throughout the whole crystal. Catalytic performances of
the as-synthesized SSC catalysts are tested during methanol to olefin (MTO). As compared with a microporous composite
catalyst, the hierarchical SSC composite catalyst displays excellent catalytic performances with a prolonged catalytic life

and an elevated selectivity for light olefins.
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1 Introduction

Zeolite molecular sieves are important microporous crys-
tals with complex one dimensional to three dimensional
microporous systems. Due to the high surface area, adjust-
able acidity, highly thermal and hydrothermal stability, zeo-
lite molecular sieves have been widely used in the fields
of such as catalysis, adsorption, ion-exchange, separa-
tion. However, their use is hampered by the small inher-
ent microporous channels, which are subjected to diffusion
limitations on reaction rates [1-4] because of the similar size
between the involved guest molecules and the micropore
diameter where most of the active centers locate. It is well
known that an advantageous pore structure for molecular
transport should be the one the shorter micropores connected
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by meso- or/and macropores throughout the whole crystal
[4-8]. Mesoporous molecular sieves possess high surface
areas, large volumes and wide pore diameters, however, the
amorphous pore walls, weak acidity and poor hydrothermal
stability have been severely hindering their practical applica-
tions [9, 10]. Due to the existence of the above-mentioned
problems in a single molecular sieve material, research and
development of composite molecular sieves [11-14] have
attracted much more attentions of many researchers because
of their potential catalytic performance resulting from the
combination of different types of pore systems, crystalline
characters and acid properties into an identical material.
When two or more molecular sieves are combined
together and form the composite materials, it may give the
new catalyst a synergies effect [15, 16] and an excellent
catalytic performance. Liu et al. [11] designed and prepared
a core—shell Y@NY composite zeolite and investigated its
catalytic performances using triisopropylbenzene (TIPB) as
a probe molecule, where the as-synthesized core—shell zeo-
lite served as a tandem micro-reactor and offered the TIPB
reactant molecules with a hierarchically cracking process.
Li et al. [12] synthesized a SAPO-34/18 composite zeolite
with low acid site density for converting methanol to olefins
(MTO), and the as-prepared composite zeolites displayed
excellent dehydration performances for a high selectivity of
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light olefins and a prolonged catalytic life. MCM-41/Beta
composites were successfully synthesized by using a seeding
method and a two-step crystallization process, and showed
an enhanced activity and selectivity of gasoline fraction in
catalytic cracking of waste used palm oil [17].

Although the development of composite molecular sieves
[11-16, 18] has attracted the attention of many research-
ers, and the as-synthesized composite catalysts have shown
excellent performances in catalysis, adsorption, separation
and other aspects, the synthesis of bi-phase zeolite com-
posite composed of SAPO-34 and SAPO-5 and its appli-
cation in MTO has rarely reported. SAPO-34 is a typical
phosphoaluminate molecular sieve with a CHA topological
structure, and has been displaying excellent catalytic per-
formances for higher selectivity to alkenes during the MTO
process because of its large cages, small windows and milder
acidity [19-21]. Besides giving a shape selectivity of light
olefins, the small channel (0.38 nm) also leads to a severe
diffusion limitation for the by-products such as large hydro-
carbon molecules and coke remaining in the large cages.
SAPO-5 molecular sieve is one of the important members
of the SAPO series, and has an AFI topological structure
with a 12-membered ring one-dimensional pore system [22].
Due to its large pore structure (0.73 nm), highly thermal and
hydrothermal stability, and strong acidity, SAPO-5 has been
widely used in various fields such as isomerization, alkyla-
tion, benzylization and MTO conversion reactions [23].
Undoubtedly, due to the inherent small channels, a diffusion
limitation inevitably occurs in a single microporous zeolite
crystal involving the catalytic reaction of hydrocarbon. The
guest molecules hardly escape from the small micropores
timely, and are prone to suffer from a secondary reaction,
which results in oligomers or carbon deposition [6—8] in the
microporous channels, and thus significantly shortens the
catalyst life.

Besides different pore structures and acid sites were
reported to be integrated into one composite zeolite catalyst,
an intercrystalline or intracrystalline meso- or/and macropo-
rous structure, which is caused by different orientations of
the bi-phases zeolite [11, 24] or by the framework destruc-
tion [1, 6, 25, 26], was also created in the as-synthesized
zeolite composites. It is no doubt that the additionally gener-
ated meso- or/and macroporous structure not only can solve
the problems of diffusion limitation very well by providing
a high-speed transport channel for reactants and products,
but also can dramatically improve the acid sites accessibility
to the guest molecules. In the present work, a bi-phase com-
posite zeolites composed of SAPO-5 and SAPO-34 is syn-
thesized, and a hierarchical pore structure with a 3—130 nm
is introduced into the as-synthesized composite zeolites. In
order to investigate the catalytic performances of the as-syn-
thesized bi-phases composite catalyst, methanol to olefins
(MTO) is used as a probe reaction.
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2 Experiment section
2.1 Chemicals

Pseudo-boehmite (70% Al,0O5) was purchased from Zibo
Furao Industry and Trade Co. Ltd, China; Phosphoric acid
(85%) was provided by Tianjin Kemio Chemical Rea-
gent Company, China; Tetraethyl ammonium hydroxide
(TEAOH, 25 wt%) and triethylamine (TEA) were purchased
from Guangfu Chemical Reagent Company, China; Silica
sol (25% SiO,) was offered by Qingdao Ocean Reagent
Factory, China. All the materials are directly used without
further treatment.

2.2 Catalyst preparation

Pseudo-boehmite, phosphoric acid, and silica sol were used
as aluminum source, phosphorus source, silicon source,
respectively. TEAOH and TEA served as a mixed structure-
directing agent. The molar composition of the reaction mix-
ture was 1.0 Al,05:1.0 P,O5: x SiO,: 0.05 TEAOH: 2.15
TEA: 60 H,O. Typically, 9.7 g of pseudo-boehmite was dis-
persed in 47 mL of distilled water. Then 7.7 g of phosphoric
acid, 1.96 g of TEAOH, 14.5 g of TEA, and 1.7 g of silica
sol were successively added the aforementioned mixture
system, and kept continuously stirring at room temperature
for 2.5 h. After that, the prepared gel was transferred into
a 100 mL stainless steel reaction kettle lined with polyte-
trafluoroethylene, and then statically crystallized at 200 °C
for 24 h under autogenous pressure in a thermostatic cham-
ber. After crystallization, the samples were cooled to room
temperature, washed to be neutral, and kept drying at 100
°C for 6 h. After removing the template agent at a constant
temperature of 2 °C/min to 550 C keeping for 6 h, the as-
synthesized samples were collected and denoted as SSC-x,
here, the "x" is 0.10, 0.15, and 0.30, respectively.

2.3 Catalyst characterization

X-ray powder diffraction (XRD) patterns were obtained on
a Shimadzu LabX XRD-6000 diffractometer, with CuKo
radiation at 40 kV and 30 mA, 0.02° step, 8 degree/min.
Scanning electron microscopy (SEM) images were taken
on a Hitachi S-4800 instrument at an accelerating voltage
of 1 kV. Nitrogen adsorption—desorption analysis at a liquid
nitrogen temperature (77 K) was determined on a Quan-
tachrome Quadrasorb SI sorption analyzer. Mesopore size
distribution is calculated using the Barrett-Joyner-Halenda
(BJH) pore size model, as applied to the adsorption branch
of the isotherm, and microporous structure was obtained
from the t-plot analysis of the adsorption branch of the
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isotherm. Macropore si;e dis.tribution was studied with an v V SAPO-34
AUTOPORE IV 9500 intrusive mercury apparatus. Tem-

v v ¢ SAPO-5

perature-programmed desorption of ammonia (NH;-TPD)
was executed on AutochemlII 2920 apparatus with thermal
conductivity detector (TCD).

CH, and CO, adsorption of the samples at 25 ‘C were
investigated by using a Hiden IGA 003 electronic micro-
balance. The catalyst was outgassed under a vacuum
of <1073 Pa at 400 °C for more than 10 h prior to the adsorp-
tion measurement. The sample temperature was regulated
to+0.1 'C by a water bath. The pressure was determined
using two high accuracy Baratron pressure transducers and
increased step by step in order to obtain the entire equi-
librium adsorption isotherm. For each step, the amount of
adsorbate (CH, or CO,) introduced into the system was kept
small enough in order to guarantee an isothermal process.

2.4 Catalytic tests

All catalytic experiments were conducted at atmospheric
pressure in a fixed-bed micro-reactor apparatus with a quartz
tube (i.d. 6 mm). Prior to the experiments, the catalyst
(200 mg) with particle size of 20-40 meshes was routinely
activated under flowing N, (50 ml/min) at 500 °C for 2 h and
then kept at the desired reaction temperature (450 “C). Sub-
sequently, reactant (methanol: H,O=1:1, v/v) was injected
into the quartz tube reactor by a micro-injected pump with
a constant LHSV of 2.0 h™!. Products were analyzed by an
online gas chromatograph with a flame ionization detector
(FID) and a HP-PLOT/Q: 30 m X 0.53 mm X 40 pm.

3 Results and discusses
3.1 Synthesis and characterization

Figure 1, Figs. S1 and S2 are the XRD patterns of the as-
synthesized SSC-x, SAPO-5, and SAPO-34, respectively. It
can be seen from Fig. 1 that all of the as-prepared samples
display the characteristic diffraction peaks at about 9.5°,
12.9°, 14.0°, 15.9°, 17.8°, 20.5° and 30.5°, which can be
ascribed to the SAPO-34 [5, 8, 26]. The characteristic dif-
fraction peaks at about 7.5°, 14.9°, and 22.4° attributing to
SAPO-5 [22, 23] can be seen also in the XRD patterns of
the three samples. The aforementioned results suggest the
co-existence of CHA and AFI topological structures in the
as-synthesized samples.

Figure 1 also shows that with the increase of Si0,/Al,0;
ratios in the gel precursors, the diffraction peaks at about
7.5° and 22.4° attributing to SAPO-5 zeolite phase are obvi-
ously weakened while the diffraction peaks at 9.5°, 15.9°
and 20.5° belonging to SAPO-34 zeolite phase are elevated
accordingly. That may mean that a gel precursor with a
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Fig. 1 XRD patterns of the as-synthesized SSC-x samples

higher Si/Al ratio is more prone to the formation of SAPO-
34 because more silicon islands [22] are inserted into the
as-synthesized zeolite crystals by replacing Al or P species.
It is known that during the synthesis of SAPO, the CHA
and AFI structures compete with each other [27, 28] and the
content of CHA increases with an increase of heteroatoms
for example the Si [27].

As shown in Figs. S3 and S4, the pure SAPO-34 and
SAPO-5 are cubic-like and hexagonal-like crystals, respec-
tively [27]. It can be inferred from Fig. 2 that except for
some irregular amorphous debris, only one kind of cubic
crystals can be observed in the as-synthesized samples.
Combining with the results as detected by XRD patterns as
shown in Fig. 1, the only one kind of cubic crystal in the as-
synthesized samples suggests that the SAPO-5 and SAPO-
34 are fused into one and form composite zeolites [11, 16,
24, 25]. It can be seen from Fig. 2 that with the increase of
Si0,/AlL,0; ratios in the gel precursor, the crystals in the
as-made samples show more regular morphologies and have
less amorphous debris, suggesting an enhanced crystallinity
with an increased Si-species in the gel precursors. When the
Si0,:Al,05 in the synthetic gel is controlled as 0.10:1.0,
many loosely irregular debris attributing to small amor-
phous particles can be obviously observed in the as-synthe-
sized sample SSC-0.10 (Fig. 2a). Moreover, it can be seen
from Fig. 2b that the crystals in SSC-0.10 sample display
a sponge-like morphology, and a large number of fine holes
are obviously observed throughout the whole crystals. When
Si0,/Al,0; ratio in the gel precursors is adjusted as 0.15,
the aforementioned loose and irregular amorphous debris are
difficult to be detected in SSC-0.15 sample. It can be seen
from Fig. 2c that most of the crystals in SSC-0.15 sample
are cubes with a relatively smooth surface. While many fine
holes, which display a butterfly-like pattern [12, 29] on the
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Fig.2 SEM images of the as-synthesized SSC-x composite zeolites. a, b SSC-0.10; ¢, d: SSC-0.15; e, f SSC-0.30

external surfaces of the crystals, can be observed in SSC-
0.15 sample also (Fig. 2d). The crystals in the samples SSC-
0.30 yielded from a gel precursor with a SiO,/Al,0; ratio
of 0.30 have a more regular cubic morphology and rather
smooth external surfaces. Furthermore, the butterfly-like
distribution fine holes can hardly be detected on the external
surface of the crystals in the SSC-0.30 sample (Fig. 2e—f).
It can be inferred from Figs. 1 and 2 that the reduced
holes on the crystal faces show a positive correction with the
decreased SAPO-5 zeolite phase in the composite zeolites.
An increased SiO,/Al,Oj; ratio in the gel precursors not only
leads to a decreased SAPO-5 zeolite phase in the composite

(Fig. 1), but also leads to a reduced number of the holes on
the crystal surfaces (Fig. 2). Combining with the results of
Figs. 1 and 2, it would suggest that butterfly-like distribution
portion in the crystal may belong to SAPO-5 zeolite phase,
and the other part in the cubic crystal should be SAPO-34
zeolite phase. The only one kind of crystal morphology as
observed by the SEM images as shown in Fig. 2b, d and f
also strongly suggests that the SAPO-5 and SAPO-34 zeolite
phases in SSC-0.10, SSC-0.15 and SSC-0.30 are not simply
physically mixed.

Figure 3 shows the nitrogen adsorption—desorption iso-
therms of the Na-form samples and the corresponding BJH

Fig.3 N, adsorption—desorp- 350 0.4
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Table 1 Physical structural

propzrties gfsgiln;ﬂ?sw ura Samples SgET (mz/g) Smic (mz/g) Sext (mZ/g) Vi (cm3/g) Vineso (cm3/g)
SSC-0.10 739 583 156 0.23 0.26
SSC-0.15 746 609 137 0.25 0.21
SSC-0.30 705 664 41 0.28 0.07

pore distribution curves. As shown in Fig. 3a, SSC-0.30
zeolite has a type-I isotherm (similar to the ones of the sin-
gle SAPO-5 and SAPO-34 samples as shown in Fig. S5a)
with a small H3 hysteresis loop, indicating the presence of
micropore mainly [29]. However, both of SSC-0.15 and
SSC-0.10 zeolite composite exhibit the curves combining
type-I and type-IV isotherms with big hysteresis loops com-
bining H3 and H4, indicating the co-existence of micropores
and mesopores in the as-synthesized samples [4-8, 30, 31].
The BJH pore size distribution (Fig. 3b) derived from the
adsorption branch [4, 5, 11] of the isotherm of the samples
illustrates the existence of mesopore structure with a pore
size distribution ranging from 2 to 80 nm, while the similar
pore size distribution is not observed in the sample of SSC-
0.30 as well as the single SAPO-5 and SAPO-34 sample
(Fig. S5b).

Table 1 shows the pore structure parameters of different
samples. Sample SSC-0.30 has the largest micropore area
and micropore volume, which is attributed to its high crys-
tallinity and relatively intact and regular crystal particles as
shown in Fig. 2. It is difficult to see the loose and irregular
debris as detected in SSC-0.10 sample, indicating that the
crystal in SSC-0.30 is more perfect. Fewer lattice defects
mean a higher order [2]. Table 1 also shows that although
the micropore area and micropore volume of the synthe-
sized SSC-0.10 and SSC-0.15 samples decrease with differ-
ent degrees, the BET surface area and mesoporous volume
significantly increases. As compared with SSC-0.30, the
micropore area of samples SSC-0.10 and SSC-0.15 respec-
tively decreases by 81 m?/g and 55 m%g, while the external
surface area increases by 115 m?/g and 96 m?/g, respectively.
Furthermore, the micropore volume of SSC-0.10 and SSC-
0.15 respectively decreases by 0.05 cm?/g and 0.03 cm?/g,
but the corresponding mesopore volume increases by 0.19
cm?/g and 0.14 cm®/g, respectively. The abovementioned
results display that due to the introduction of mesoporous
structure, additional mesoporous area and volume can be
obtained by slightly sacrificing the micropore properties.

In order to further reveal the created “secondary” pore
structure, the as-synthesized SSC-0.10 sample was crushed
before SEM observation, and the subsequent electron
microscopic observed result is shown in Fig. 4. After being
crushed by 20 MPa, part of the crystals are broken, which
can make a more intuitive observation of the internal struc-
ture of the zeolite crystals. It can be inferred that the intro-
duced meso- and macropore structure goes throughout the

Fig.4 SEM images of SSC-0.10 after crushed by 20 MPa pressure
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Fig.5 The created hierarchical pore system in the as-synthesized
sample SSC-0.10. (s%) mesopore structure (DFT pore size distribu-
tion curves obtained from the N2 adsorption isotherms) and ()
macropore structure decided by intrusive mercury technology

whole zeolite crystal. As shown in Fig. 5, indirect evidence
for the presence of macropore structure is also provided by
the intrusive mercury experiment. The pore size distribu-
tion of the as-synthesized SSC-0.10 illustrates the existence
of a macropore structure with pore size centering at about
80 nm, which is in good agreement with the results observed
by SEM and nitrogen adsorption—desorption experiment.
Combining with the mesopore distribution decided by DFT
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model (slightly different from that obtained by BJH model),
a hierarchical pore system with a size of about 3 ~ 130 nm
is therefore introduced into the as-synthesized sample SSC-
0.10 (Fig. 5).

Figure 6 is the NH;-TPD curves of the as-synthesized
samples. It can be seen that all samples have two desorption
peaks, one at 213-221 °C and the other at about 409—433
°C, which should be ascribed to the ammonia desorption
from weak and strong acid sites, respectively [8, 12]. It can
be inferred from Fig. 6 that the three samples have differ-
ent acid properties: with the increase of "x" in the sample
SSC-x (0.10, 0.15, 0.30), the acid amount of the samples
increases accordingly, and the corresponding peak position
of desorption NH; from the strong acid sites moves toward
a high temperature region, not only indicating the total acid
amount but also suggesting the acid strength increases with
the elevated Si/Al ratios [12].

SSC-0.15
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T T T T T T T T
200 300 400 500 600
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Fig.6 NH;-TPD curves of the as-synthesized samples
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3.2 Adsorption of CO, and CH,

Guest molecules CO, and CH, may suffer from different
diffusion limitation and display different adsorption prop-
erties in the small micropores of SAPO-34 zeolite [32].
SAPO-34 has been therefore widely used in the CO,/CH,
separation process [32, 33]. As shown in Fig. 7, at room tem-
perature and under the same partial pressure, the adsorption
amount of CH, or CO, on SSC-0.10 significantly decreases
as compared with those on SSC-0.30, indicating that the
mesoporous structure created in the samples does not con-
tribute to the increase of CO, or CH, adsorption amount. As
shown in Fig. 7, the adsorption amount of CO, and CH, on
SSC-0.30 is about 21.5% and 15.0% higher than those on the
SSC-0.10, respectively, indicating that the adsorption mainly
occurs in micropores. It can be seen in Table 1, the BET spe-
cific surface area, total pore volume and mesoporous volume
of SSC-0.10 is significantly higher than those of SSC-0.30,
while the micropore volume of SSC-0.30 is about 21.7%
higher than that of SSC-0.10, further suggesting that the
micropores of the adsorbent are the main adsorption spaces.
Figure 7 also shows that CH, adsorption on SSC-0.10 and
SSC-0.30 increases rapidly with the increase of relative
pressure, while the adsorbed CO, increases slowly with the
increased relative pressure of adsorbate. That reflects CH,
adsorption in the two adsorbents is more sensitive with the
increase adsorbate pressure.

3.3 Catalytic tests

SAPO is a kind of advantageous catalyst in MTO (metha-
nol to olefins) reaction [19-21, 26]. However, this cata-
lyst deactivates rapidly because of carbon deposition
in the micropore channel during the methanol dehydra-
tion. The carbon deposition on the external surfaces or
in the micropores can increase the transport resistance of

B co, S§SC-0.30

0.15
S§SC-0.10

0.10

q(9/9)

0.05

—=—SSC-0.10a
—e—SSC-0.10d
—4—8SC-0.30a
—v—S8SC-0.30d

0.00

T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (p/p,)

Fig.7 Adsorption performances of the as-synthesized samples at 25 ‘C. a CH, adsorption—desorption isotherms b CO, adsorption—desorption

isotherms

@ Springer



Journal of Porous Materials (2021) 28:1281-1289

1287

reactant or product molecules, and even lead to a rapid
deactivation of the catalyst, which hinders their practi-
cal applications. The created hierarchical pore system can
effectively shorten the length of the micropore channels,
which may be conducive to the fast escape of the coking
precursor from the micropores and can thus offer the cata-
lysts excellent catalytic performances [26].
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As shown in Fig. 8a, all the catalysts display a 100%
initial conversion of methanol while a different stability.
After 3.5 h with the time on stream, the conversion of
methanol over the SSC-0.30 catalyst decreases from 100
to 96.7%. However, it respectively takes the SSC-0.15 and
SSC-0.10 catalysts about 6.5 h and 7.5 h to have the simi-
lar conversion. Obviously, as compared with SSC-0.30,
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catalysts SSC-0.10 and SSC-0.15 are more stable. The
increased stability of SSC-0.10 and SSC-0.15 should be
attributed to the introduced hierarchically porous structure
[5].The created meso or macroporous structure effectively
shortens the length of the microporous channels and sig-
nificantly increases the number of pore windows [2]. That
is not only conducive to the rapid diffusion of reactants
and products, but also beneficial to the deposition car-
bon precursors escaping from the micropores [5, 34, 35],
which avoids rapid deactivation of catalysts. The weaker
acid strength and lower acid density in SSC-0.10 catalyst
(Fig. 6), especially the weakened strong acid sites, may
also play a role in extending the catalyst life.

When SAPO is used as a catalyst during a methanol
dehydration reaction, scientists have been devoting them-
selves to elevating the selectivity of light olefin [26, 36].
During an MTO process, in addition to ethylene, propyl-
ene and butylene, a small amount of methane, ethane,
paraffin hydrocarbon and aromatic hydrocarbon are often
detected [36]. Moreover, DME is also observed at later
period. Figure 8b shows that the selectivity of tri-olefins
(C,7, C57, and C,7) increases firstly and then decreases
with the time on stream. We know that the light olefins
can be deemed as intermediate products during the MTO
process, and they are largely affected by the acid proper-
ties and porous structure of the dehydration catalysts [5].
With the prolonged reaction time, partial acid centers in
the catalyst are covered by deposition carbon, and the acid
sites density is reduced accordingly, which depresses the
olefins oligomerization; while an excessively weakened
acidity may also depress the formation of olefin but con-
tribute to the formation of DME. The selectivity of tri-
olefins on the hierarchical zeolite SSC-0.10 and SSC-0.15
is higher than that on the microporous SSC-0.30. It can
be seen from Fig. 8b that the highest selectivity of light
olefins on SSC-0.30 is 87.0%, while those on SSC-0.10
and SSC-0.15 are 90.6% and 91.4%, respectively. It can
be seen from Fig. 8c—e that despite of the similar selectiv-
ity of butene, the hierarchical composite zeolites catalysts
SSC-0.10 and SSC-0.15 have higher selectivity of ethyl-
ene while lower propylene selectivity. More light olefins
detected on the hierarchical zeolite catalysts should be
attributed to the weakened acidity (Fig. 6). Furthermore,
the introduction of hierarchical pore structure can help the
generated light olefins escaping from pores rapidly, which
depresses the oligomerization of olefins, not only helping
to improve the stability of the catalyst, but also helping to
increase the selectivity of the light olefin [12, 26]. With
the prolonged reaction time, the selectivity of ethylene on
all catalysts significantly increases, while the selectivity
of propylene slightly decreases. The overlaying result led
to the increased C,~/C;~ ratio with an extended reaction
time (Fig. 8f).

@ Springer

4 Conclusion

Bi-phases composite zeolites composed of SAPO-5 and
SAPO-34 were synthesized. XRD indicated that the propor-
tion of SAPO-34 zeolite phase in the composite increased
with the increased silicon species in the gel precursors. SEM
results showed that the SAPO-5 and SAPO-34 coexisted in
the cubic crystals, and abundant holes with butterfly-like
distribution were observed on the crystal surface of the as-
synthesized samples. Nitrogen adsorption—desorption and
intrusive mercury technology results exhibited that a hier-
archical pore system with a pore distribution of 3—130 nm
was built in the as-synthesized SSC-0.10 and SSC-0.15 sam-
ples. CH, and CO, adsorption experiments showed that the
introduced hierarchical pore structure could not increase the
adsorption amount, indicating that the adsorption behavior
of this kind of gas mainly occurred in the micropores. Dur-
ing the catalytic reaction of methanol dehydration to ole-
fins, the created hierarchically porous structure significantly
improved the stability of the catalyst. As compared to the
microporous SSC-0.30, the hierarchical composite SSC-x
(x=0.10, 0.15) catalyst has a much higher ethylene selec-
tivity. Such a synthesis route may offer a potential excellent
catalyst for methanol dehydration to light olefins.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10934-021-01078-0.
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