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ABSTRACT: Efficient synthesis of SAPO-34/18 zeolites with relatively small crystal sizes has hitherto been difficult to achieve
without expensive templates, abundant nanosized seeds, or additional crystal growth inhibitors for industrial MTO. Herein, we
present a cost-effective and eco-friendly synthetic approach for submicrometer SAPO-34/18 intergrowth zeolites using triethylamine
as the template with the assistance of hybrid micrometer seeds. In this work, the micrometer seeds, originally synthesized using
triethylamine as the template, were hybridized with a precursor containing dimethylamine under hydrothermal conditions. The
resultant SAPO-34/18 intergrowth zeolite exhibits a rectangular morphology and a reduced crystal size of approximately 700 nm.
MAS NMR experiments show that as-synthesized SAPO-34/18 intergrowth zeolites with triethylamine as the sole template
contained more Si(4Al) and Si(3Al) species. It is found that the d6r units in the hybrid seeds significantly improved nucleation,
atom distribution, and etching resistance of SAPO-34/18 products. In addition, the submicrometer SAPO-34/18 intergrowth
catalyst exhibited a 3-fold increased catalyst life and improved selectivity (88.3%) for light olefins in the MTO reaction. Therefore,
the combination of efficient synthesis and good catalytic performance enables sustainable industrial synthesis of SAPO-34/18
intergrowth zeolites with reduced crystal size.

■ INTRODUCTION
Zeolites are widely used as heterogeneous catalysts in various
industrial processes due to their molecular shape selectivity,
suitable acidity, large surface areas, and high hydrothermal
stability.1−10 SAPO-34 zeolite is widely used and studied as a
shape-selective catalyst for methanol-to-olefin (MTO) con-
version, owing to its unique pore structures and Bro̷nsted acid
sites (BAS) with moderate acid strength.11,12 Recently, a
number of patents have justified the good performance of
CHA/AEI intergrowth materials in the MTO process.13

However, the microporous SAPO-34/18 crystal suffers from
rapid deactivation due to diffusion limitations.14,15 Decreasing
the crystal size is considered an effective strategy for
prolonging catalyst life. However, fewer cases have been
reported on SAPO-34/18 in this aspect compared to SAPO-
34. Although significant progress has been made in synthetic

strategies such as microwave-assisted synthesis,16 dry gel
conversion,17−19 ultrasound-assisted syntheses,20 and fast
high-temperature synthesis,21 these methodologies remain
primarily confined to the laboratory scale.22 Generally, the
synthesis of SAPO-34 featuring small crystal sizes requires
expensive tetraethylammonium hydroxide (TEAOH) as the
template. To decrease production costs, amines, such as
triethylamine (TEA), diethylamine (DEA), and morpholine
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(MOR), have been explored as cotemplates. Among the four
templates, TEA stands out due to its facile availability from
ethanol through vapor-phase catalysis at atmospheric pressure
and high production capacity. Given the structural similarities
between SAPO-18 and SAPO-34, it is easy to form intergrowth
structures using TEA as the sole template. However, SAPO-
34/18 intergrowth zeolites prepared using TEA as the template
normally exhibit a relatively large crystal size.23−26 Liu et al.27

found that SAPO-34 prepared using TEA as the template
exhibited the smallest crystal size (around 2 μm) and the
lowest crystallinity, whereas MOR as the template led to the
largest crystals of approximately 10 μm. Additionally, SAPO-34
synthesized with DEA as the template showed the highest
crystallinity. Masoumi et al. successfully synthesized nanosized
SAPO-34 (around 640 nm) using a mixed template comprising
25% MOR, 25% TEA, and 50% TEAOH.28 Carreon et al.
synthesized submicron SAPO-34 in the presence of crystal
growth inhibitors (CGIs).29 Yu and co-workers prepared
SAPO-34 (700−800 nm) by adding nanosized seeds into the
initial gel with TEA as the template.30,31 Liu and co-workers
prepared nanosized SAPO-34 (50−350 nm) through a
postsynthesis milling and recrystallization method.32 Despite
substantial progress, it remains a significant challenge to
synthesize SAPO-34/18 intergrowth zeolites with reduced
crystal size in the absence of nanoscale seeds, CGIs, or
TEAOH.
Previous studies have confirmed that the type of template

significantly impacts the phase, acidity, crystallinity, and crystal
size. Liu et al.27 displayed that silicon incorporation into the
framework follows the trend of SAPO-34 (TEA) < SAPO-34
(MOR) < SAPO-34 (DEA), due to template molecular size,
with higher Si(4Al) contents in SAPO-34 (MOR) and SAPO-
34 (DEA). Nakhaei Pour and co-workers33 found that
template mixtures affected the crystal size, with SAPO-34
(TEA/DEA) < SAPO-34 (TEA) < SAPO-34 (DEA), and Si
content decreasing in the same order. In addition, Tian and co-
workers highlighted the importance of double 6-ring (d6r) and
Si−O−Al domains for qualified SAPO-type seeds.34 Consid-
ering China’s total olefin production capacity exceeding 16
Mt/a,35 cost-effective and environmentally sustainable meth-

ods for the synthesis of SAPO-34/18 zeolites with small crystal
size and good catalytic performance are very desirable for
large-scale MTO applications.
Inspired by these synthesis advancements of zeolites driven

by the development of MTO industrialization processes, we
designed a facile, cost-effective, and eco-friendly route for the
synthesis of submicrometer SAPO-34/18 intergrowth zeolite
by adding hybrid seeds. These seeds, resulting from hybrid-
izing parent seeds with a precursor using DEA as the template,
contain abundant d6r units. It is speculated that the content of
d6r units played an important role in determining both the
nucleation and morphology. Moreover, a low synthetic
temperature (165 °C) favors nucleation while inhibiting crystal
growth, yielding rectangular SAPO-34/18 intergrowth zeolite
with a crystal size of ∼700 nm, higher acid concentration and
strength, and a rich Si(4Al) coordination environment. Owing
to these advantages, the resultant SAPO-34/18 catalyst
exhibits a 3-fold longer lifetime and higher selectivity for
light olefins (up to 88.3%). These results pave the way for an
efficient and large-scale production of high-quality silicoalumi-
nophosphate (SAPO) materials.

■ RESULTS AND DISCUSSION
Synthesis of Submicron SAPO-34/18 Intergrowth

Zeolites. Scheme 1 outlines a concise synthetic procedure
for preparing submicrometer SAPO-34/18 intergrowth zeolites
using hybrid seeds. The process includes the synthesis of the
parent seeds and hybrid seeds and the subsequent synthesis of
final SAPO-34/18 products. The parent seeds denoted as STEA
were synthesized by using TEA as the template. Then, the
hybrid seeds, designated as SDEA‑TEA, were prepared by
hybridization of STEA with the precursor using DEA as the
template. Similarly, SMOR‑TEA was also obtained by the
hydrothermal treatment of STEA with a precursor using MOR
as the template. Finally, conventional SAPO-34/18 (denoted
as SP-TT) was synthesized by introducing STEA into the
precursor with TEA as the template. It is worth noting that the
submicrometer SAPO-34/18 (designated as SP-DT) with a
rectangular morphology was synthesized from the same
precursor but with the substitution of SDEA‑TEA for STEA.

Scheme 1. Schematic Diagram for the Synthesis of Submicron-Sized SAPO-34/18 Intergrowth Zeolites with the Assistance of
Hybrid Seeds
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Similarly, another submicrometer SP-MT was synthesized
from the same precursor with the assistance of SMOR‑TEA.
Figures S1 and 2a present XRD patterns of as-synthesized
micrometer seeds. STEA exhibited the typical characteristic
diffraction peaks at 9.6°, 14.2°, 16.2°, 20.8°, 26.0°, and 31.1°,
corresponding to the CHA topology (as referenced to the
standard JCPDS 47-0439). Besides, additional peaks at 17.0°
and 21.2° were observed on STEA, which can be ascribed to the
AEI topology structure. According to the peak intensity, STEA
primarily consists of SAPO-34. Meanwhile, STEA presents a
surface area of 501 m2 g−1 and a micropore volume of 0.26 cm3

g−1 (Table S1). XRD patterns of SDEA‑TEA and SMOR‑TEA match
well with those simulated from the CHA framework type,
indicating the successful synthesis of the pure SAPO-34 phase
via the hybridization process. Figure S2a−c shows the SEM

images of the three seeds. It can be clearly found that STEA
showed a cubic morphology with a crystal size of 2 μm.
However, obvious differences in the morphology and crystal
size were observed for STEA and the hybrid seeds. The hybrid
seeds SDEA‑TEA and SMOR‑TEA displayed a rectangular morphol-
ogy with an average thickness of approximately 2 μm and
crystal sizes ranging from 1 to 5 μm. These results suggest that
the hybridization process has a significant impact on the
physicochemical properties, compared with parent seeds. EDX
elemental mapping measurements were performed on STEA,
SDEA‑TEA, and SMOR‑TEA. As shown in Figures S3−S5, the Si, Al,
and P atoms are homogeneously distributed in all the samples.
The molar Si/Al/P ratios of STEA, SDEA‑TEA, and SMOR‑TEA are
Si0.10Al0.50P0.40, Si0.10Al0.50P0.40, and Si0.107Al0.526P0.377 (Table
S2), respectively. Furthermore, the XRF analysis revealed the

Figure 1. (a−c) SEM and (d−f) TEM images of (a, d) SP-TT, (b, e) SP-DT, and (c, f) SP-MT samples.

Figure 2. (a) XRD patterns, (b) average shortest edge size (left) and the average crystal size, (c) N2 adsorption−desorption isotherms, the inset is
BJH pore size distribution, and (d) NH3-TPD profiles of STEA, SP-TT, SP-MT, and SP34-DT samples.
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bulk compositions to be Si0.076Al0.384P0.540, Si0.076Al0.384P0.540,
and Si0.072Al0.372P0.556, respectively. Upon these results, it is
evident that the surface Si and Al contents (calculated as Si/(Si
+ Al + P) and Al/(Si + Al + P) from the EDS analysis) are
higher than their corresponding bulk compositions as
determined by the XRF analysis. This suggests that the
surfaces of the products are enriched in Si and Al elements
compared to their bulk compositions.
Figures 1, 2b, and S6 present the morphology and crystal

size distribution of the corresponding SAPO-34/18 inter-
growth zeolites. With the assistance of hybrid seeds, the
resultant SP-DT and SP-MT crystals exhibit rectangular
morphologies. The shortest edges of SP-DT and SP-MT are
centered at 500 and 700 nm, and the average overall crystal
sizes are 1.0 μm and 700 nm, respectively. Conversely, SP-TT
using STEA as the seed features larger cubic crystals with a size
of approximately 4.8 μm. Figure 1d−f shows the TEM images
of the three SAPO-34 crystals. Notably, no diffraction spots are
observed for SP-TT due to a relatively large crystal size. In
contrast, the SP-DT and SP-MT samples generated uniform
diffraction spots. For comparison, the sample synthesized in
the absence of any seeds at 165 °C possesses low relative
crystallinity, owing to the formation of amorphous solids
(Figure S7). Furthermore, when prepared using TEA as a
template in the presence of nanosized seeds (STEAOH), the
sample exhibits a small crystal size of approximately 2 μm
(Figures S8 and S9). The yield of SAPO-34/18 obtained by

this method is 10.8%, calculated based on the precursor
weight. Interestingly, the use of hybrid seeds of equal mass
results in a product yield of 16.0%. These results indicate that
the type of seeds appears to play a crucial role in nucleation
rather than crystal growth under low seed consumption and
relatively low synthesis temperature.
As shown in Figure 2a, all the products exhibit typical

diffraction peaks at 9.6°, 12.9°, 16.2°, 20.8°, 26.0°, and 31.1°,
corresponding to the CHA topology. Further, additional peaks
at 17.0° and 21.2° indicate that all the products are AEI/CHA
intergrowth zeolites but with CHA as a dominant phase. The
content of the AEI phase, as determined by HighScore Plus, is
less than 5%. Compared to SP-TT, lower peak intensities are
observed for the SP-DT and SP-MT samples, suggesting that
their crystal sizes and ordering degrees are different. In
addition, pure SAPO-34 (Figure S10) can be synthesized by
increasing the seed content (8%, based on Al2O3). N2
physisorption experiments were carried out to study the
textural properties of the products (Figure 2c). It can be found
that all samples exhibit type-I absorption−desorption iso-
therms.36 The sudden uptake at P/P0 < 0.01 can be attributed
to the micropore filling. Notably, no uptake at the pressure
range of 0.95 < P/P0 < 1.0 is observed for SP-TT, which
suggests the absence of macropores in SP-TT. Additionally,
both the microporous area and volume tend to decrease in the
order of SP-MT > SP-TT > SP-DT. The microporous area and
volume of SP-DT are 467 m2 g−1 and 0.27 cm3 g−1,

Table 1. Textural Properties of As-Synthesized SAPO-34/18 Intergrowth Zeolites

elemental compositions (mol %)

sample XRF XPS Stotal
a (m2 g−1) Smicro

b (m2 g−1) Vtotal
c (cm3 g−1) Vmicro

d (cm3 g−1) AEI phase content/%e

SP-TT Si0.067Al0.491P0.442 Si0.173Al0.462P0.364 511 497 0.27 0.26 1%
SP-MT Si0.067Al0.491P0.442 Si0.210Al0.428P0.362 548 540 0.29 0.28 4%
SP-DT Si0.067Al0.491P0.442 Si0.241Al0.416P0.343 467 458 0.27 0.24 5%
SP-TT-H Si0.063Al0.491P0.446 Si0.175Al0.440P0.380 472 461 0.25 0.24 1%
SP-MT-H Si0.058Al0.496P0.446 Si0.224Al0.408P0.368 503 493 0.27 0.26 2%
SP-DT-H Si0.062Al0.496P0.442 Si0.219Al0.411P0.370 434 423 0.24 0.22 3%

aBET surface area. bt-plot micropore surface area. ct-plot total pore volume. dt-plot micropore volume. eDetermined by HighScore Plus.

Figure 3. 27Al, 31P, and 29Si MAS NMR spectra of (a−c) SP-TT and (d−f) SP-DT samples.
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respectively. The microporous area and volume of SP-DT are
548 m2 g−1 and 0.29 cm3 g−1, respectively (Table 1). SP-MT
shows the largest surface area and micropore volume, probably
corresponding to the smallest crystal size. XRF results indicate
that all samples have the same bulk element composition of
Si0.067Al0.491P0.442. The surface element compositions deter-
mined by XPS are Si0.173Al0.462P0.364, Si0.210Al0.428P0.362, and
Si0.241Al0.416P0.343 for SP-TT, SP-MT, and SP-DT, respectively,
suggesting an enrichment of Si on their surfaces compared to
their bulk composition. NH3-TPD profiles (Figure 2d) show
that STEA presents two desorption peaks centered at 191 and
384 °C, which can be ascribed to weak and strong acid sites.37

The obtained SP-TT possesses two desorption peaks centered
at 175 and 387 °C, respectively, indicating a decrease in
strength in weak acid sites. In comparison, the desorption
peaks for SP-MT and SP-DT are centered at 175 and 405 °C,
respectively, which indicates similar strengths for the weak acid
sites and relatively higher strengths for the strong acid sites.
Furthermore, SP-MT exhibits the greatest proportion of strong
acid sites, accompanied by a moderate proportion of weak acid
sites.
The 27Al, 31P, and 29Si MAS NMR technique was employed

to study the chemical coordination environment of constituent
atoms in as-synthesized SP-DT and conventional SP-TT. As
shown in Figure 3a,d, the multipeak fitting exhibits prominent
signals at 43.3 and 38.9 ppm, which can be ascribed to the
tetrahedral Al atoms within the framework.38,39 In addition,
peaks observed at 16.5 and 16.7 ppm are assigned to the 5-
coordinated Al atoms, arising from the combination of
tetrahedrally coordinated Al species with a single water
molecule. The peaks at −9.9 ppm and −8.4 ppm correspond
to 6-coordinated Al species, resulting from the interaction of 4-
coordinated framework Al atoms with two water molecules or
extra-framework Al species. Notably, SP-DT exhibits fewer 5-
coordinated and octahedrally Al species compared with SP-TT,
potentially due to a reduced number of framework defects. The
31P MAS NMR spectrum (Figure 3b,e) contains a strong peak
at around −28.8 ppm, which is attributed to the P(Al)
species.40 Moreover, the intensity of partially hydrated
P(OAl)x(H2O)y species of SP-DT is lower than that of SP-
TT, with chemical shifts of −18.9 and −23.5 ppm, indicating
that fewer defects exist in SP-DT. The 29Si MAS NMR

spectrum (Figure 3c) shows that SP-TT contains a strong
signal at −90.2 ppm corresponding to Si(4Al) species, with
additional peaks at −94.5, −101.8, −111.2, and −118.0 ppm,
corresponding to Si(3Al), Si(2Al), Si(1Al), and Si(0Al)
species, respectively.41 These peaks shift to −90.0, −93.3,
−98.6, 109.7, and −118.5 ppm for SP-DT (Figure 3f).
According to the NMR analysis, Si atoms are predominantly
present as Si(4Al) and Si(3Al) species in SP-DT, in contrast to
Si(2Al), Si(1Al), and Si(0Al) species. This suggests that a
tunable Si distribution was achieved for submicron SP-DT with
the aid of hybrid seeds.

Proposed Crystallization Mechanism. Acid etching was
performed on SP-TT, SP-DT, and SP-MT to study the effect
of seeds on the framework atom distribution.42 It is well-
known that the framework Al species are sensitive, whereas Si
species exhibit relatively high stability during the postsynthesis
treatment process. As shown in Figure 4a−c, the surface of SP-
TT-H exhibits an X-type or a butterfly-like defect. Previous
studies indicate that SAPO-34 cubes synthesized using TEA as
the template initially grow along a specific direction, forming a
crystal with eight pyramids and a central void that fills to form
a perfect cube.36,43 The X-type portions are less stable and
preferentially etched, leading to a butterfly-like defect after acid
treatment. In contrast, no surface defects are observed on SP-
DT-H and SP-MT-H, further confirming distinct element
distributions in the three samples. TEM images (Figure 4d−f)
also show that SP-DT-H and SP-MT-H possess smooth
surfaces with smaller crystal sizes, whereas X-type defects are
not observed on the selected SP-TT-H with the smallest
particle size due to the relatively large crystal sizes.
Additionally, after postsynthesis treatment with a HNO3

solution, all the samples retain the original CHA/AEI topology
structure; however, a significant decrease is observed in the
peak intensities at 12.8°, 16.2°, and 20.7°, corresponding to the
(110), (021), and (211) crystal planes (Figure S11). Unlike
SP-DT-H, SP-TT-H and SP-MT-H exhibit increased peak
intensity at 9.6°, ascribing to the (101) crystal plane. The
overall and (101) plane relative crystallinities were also
calculated. As displayed in Table S3, the overall relative
crystallinities of SP-TT, SP-DT, and SP-MT are 100, 34.0, and
42.1%, respectively. After acid etching treatment, the overall
crystallinities of SP-TT-H, SP-DT-H, and SP-MT-H are 67.2,

Figure 4. SEM images (a−c) and TEM images (d−f) of (a, d) SP-TT-H, (b, e) SP-DT-H, and (c, f) SP-MT-H samples.
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26.0, and 23.7%, respectively (Table S3). In addition, the
relative crystallinities of the (101) plane of SP-TT-H, SP-DT-
H, and SP-MT-H change from 100, 34.4, and 38%,
respectively, into 104.8, 27.8, and 39.2%, respectively (Table
S3). The acid etching treatment decreases overall crystal-
linities, except for the (101) crystal plane. SP-DT-H and SP-
MT-H display the type-I isotherms with no significant changes
at P/P0 < 0.01 compared with corresponding SP-DT and SP-
MT, indicating that microporous structures remain dominant
(Figure S12).36 All of the samples before and after acid
treatment show a broad pore size distribution ranging from 10
to 55 nm, which may be ascribed to particle accumulation. The
bulk compositions of SP-TT-H, SP-MT-H, and SP-DT-H
determined by the XRF analysis are Si0.063Al0.491P0.446,
Si0.058Al0.496P0.446, and Si0.062Al0.496P0.422, respectively (Table
1). MAS NMR spectra indicate that the content of 6-
coordinated Al species in SP-TT-H (Figure S13a) is lower
than in SP-DT-H, and Si(OAl)n(OH)4‑n species at −81.6 ppm,
originating from the Si−OH−Al bond fracture, are absent in
SP-DT-H. In addition, the contents of Si(4Al) and Si(3Al)
species decrease along with a signal at −90.2 ppm for SP-TT-
H. The amounts of P(OAl)4(H2O)y (y = 1 or 2) species
increase with increasing Al leaching (Figure S13b,e). NH3-
TPD profiles in Figure S14 reveal a decrease in both the
contents of acid sites and the strength of strong acids for SP-
TT-H and SP-DT-H, resulting in a loss of active sites. Notably,
SP-MT-H retains most of its acid sites, probably contributing
to the stable lifespan of the MTO reaction.
Furthermore, Figure 5 shows FT-IR spectra of seeds, as-

synthesized SAPO-34/18 zeolites, and acid-treated SAPO-34/
18 zeolites. All of the samples exhibit a clear band at 640 cm−1,

which is attributed to the adsorption of d6r units. Other bands
at 1220, 1082, 724, and 484 cm−1 are in turn attributed to the
absorption of P−O−Al, O−P(Al)-O, P(Al)-O, and SiO4.

43 An
increasing tendency could be observed in hybrid seeds
compared to STEA when comparing the relative band intensity
(I640/I1220) for the bands centered at 640 cm−1 (corresponding
to the absorption of d6r units) and 1220 cm−1 (corresponding
to the absorption of P−O−Al). Obviously, STEA‑MOR and
STEA‑DEA exhibit a more concentrated distribution of d6r units
compared with STEA. The resultant SP-TT, SP-DT, and SP-MT
have a similar band intensity at 640 cm−1. It is speculated that
STEA‑MOR and STEA‑DEA (Figure S15) retained abundant d6r
units after dissolution, thereby accelerating nucleation over the
crystallization of SAPO-34/18 at a relatively low temper-
ature.34

Consequently, a synthetic mechanism is proposed in
Scheme 2. Specifically, in the initial gel containing the TEA
template, the incorporation of hybrid seeds rich in d6r units
(Figure 5) can promote the formation of nuclei, which
subsequently grow into rectangular submicrometer SAPO-34/
18 intergrowth zeolite comprising a higher proportion of
Si(4Al) and Si(3Al) species. Even during the subsequent acid
treatment process, most Si(4Al) and Si(3Al) species and the
rectangular morphology were preserved, which suggests the
high stability of the zeolitic framework of the as-prepared
SAPO-34/18 intergrowth zeolite. Conversely, the introduction
of SAPO-34/18 cubic seeds with fewer d6r units resulted in
micrometer-sized SP-TT cubes. Furthermore, the distribution
of framework atoms plays a key role in the material’s sensitivity
to HNO3.

Figure 5. FT-IR spectra of (a) STEA, SP-TT, and SP-TT-H, (b) SMOR‑TEA, SP34-MT, and SP-MT-H, and (c) SDEA‑TEA, SP34-DT, and SP-DT-H.

Scheme 2. Proposed Synthetic Mechanism of (a) SP-TT and (b) SP-DT Prepared through the Seed-Assisted Synthesis Method
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Catalytic Performance in the MTO Reaction. Methanol
conversion over as-synthesized submicrometer SAPO-34/18
zeolites was evaluated in a fixed-bed reactor. Figure 6 presents
the product selectivity and catalytic lifetimes of STEA, SP-TT,
SP-DT, and SP-MT. The parent seed STEA shows a catalyst life
of 120 min with over 95% methanol conversion. The
selectivities for C2

=−C4
= and C2

=+C3
= are 88.3 and 76.7%,

respectively, and the C2
= selectivity is 36.0%. Notably, SP-DT

and SP-MT show significantly prolonged catalyst lifespans
compared with SP-TT. Among the three catalysts, SP-DT
possesses the longest lifespan of 510 min, which is three times
greater than that of SP-TT (180 min) and surpasses that of SP-
MT (330 min). It is found that the selectivities for C2

=−C4
=

observed on SP-MT and SP-DT are 88.3 and 87.1% (TOS = 2
h), respectively, and the selectivities for C2

=+C3
= are 75.1 and

73.6%, respectively (Table S4). Conversely, SP-TT exhibits the
lowest selectivities for C2

=−C4
= (86.2%) and C2

=+C3
= (73.0%).

Furthermore, the selectivities for C2
= over SP-DT and SP-MT

reach 30.6% and 30.0%, respectively, representing an
approximately 6% increase compared to that of SP-TT
(24.8%).44−46 In addition, the resultant SP-DT exhibits a
prolonged catalyst lifetime under the same reaction conditions,
outperforming most of previously reported SAPO-34 with
TEA as a template (Table S5).42,47−52 After postsynthesis
treatment, the selectivity for C2

= with SP-DT-H increases to
34.1%, leading to an increase in C2

=+C3
= selectivity (89.9%).

As shown in Figure S16, SP-DT-H exhibits a lifetime of 420
min, 3.5 times that of SP-TT-H (120 min), surpassing SP-MT-
H (360 min). Therefore, the degradation of the CHA
framework, accompanied by reduced crystallinity (Figures 2a
and S11), pore volume (Table 1), and acidity (Figure S13),
leads to unimproved catalytic performance.
As shown in Figure S17, TG curves within the temperature

range of 400 and 700 °C reveal that the spent SP-TT exhibits a
weight loss of 14%. Compared with the spent SP-TT, the
deactivated SP-DT and SP-MT show a higher weight loss of
around 20.0%. The enhanced coke capacity can be attributed
to the decreased crystal sizes (Figure 1) and increased strong
acid sites (Figure 2d) of the submicrometer SAPO-34/18
zeolites. In addition, the average coking rates (RCoke) for SP-
TT, SP-MT, and SP-MT (Table S6) are 0.81, 0.61, and 0.38
mg·min−1, respectively. The methanol consumption for coke
formation (PCoke) of SP-TT, SP-DT, and SP-MT was also
calculated, with values of 0.05 g·gMeOH

−1, 0.02 g·gMeOH
−1, and

0.04 g·gMeOH
−1, respectively. SP-TT demonstrates a higher

proportion of methanol consumption for coke formation
compared with SP-DT and SP-MT. The highest strong acid

density of SP-MT caused its fast deactivation, showing
relatively poor stability compared to SP-DT, although it
displays the smallest crystal sizes with the highest surface area
and micropore volume. Therefore, due to the reduced crystal
sizes and suitable acidity, SP-DT showed superior catalytic
performance over SP-MT and SP-TT.

■ CONCLUSIONS
In summary, this work provides an innovative approach for the
synthesis of submicrometer SAPO-34/18 intergrowth zeolites
with the assistance of hybrid micrometer SAPO-34/18 seeds
using TEA as the sole template. The hybrid seeds were
prepared through in situ hydrothermal treatment of STEA with
precursors containing a DEA or MOR template, which is a
crucial step for the synthesis of submicron SAPO-34/18. The
qualified hybrid seeds enriched with d6r units34 might provide
more nuclei after dissolution. The acceleration in nucleation
favors the synthesis of relatively small SAPO-34/18 crystals at
a low temperature of 165 °C. The as-synthesized SAPO-34/18
possesses moderate acidity and a reduced crystal size of 700
nm. Additionally, it contains more Si(4Al) and Si(3Al) species,
which remain stable after acid etching. Due to the advantages
of reduced crystal size, SP-DT and SP-MT demonstrated
significantly prolonged catalyst lifetimes. Furthermore, higher
selectivity for C2

=−C4
= has been achieved on the two

submicron SAPO-34/18 intergrowth zeolites. Therefore, this
strategy offers a straightforward, cost-effective, and easily
scalable route for producing potential submicrometer-sized
SAPO-type zeolites with enhanced catalytic performance.
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