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A low-temperature strategy is developed for the synthesis of low-silica SAPO-34 with a tunable Si content
and relatively uniform Si distribution in the crystals, which is hitherto difficult to achieve. It is demonstrated
that a lower crystallization temperature and a silicon source with relatively low reactivity are important fac-
tors leading to successful synthesis. The crystal size of SAPO-34 could be effectively decreased to 200 nm
through a seed-assisted approach. The local atom environments of low-silica samples are investigated by
solid state MAS NMR, which confirms the unique existence of Si(4Al) species in the framework. The
obtained low-silica SAPO-34 exhibits excellent catalytic performance in the MTO reaction and the occur-
rence of catalyst deactivation varies with the acid properties. Through optimizing the Si content of the
samples, a long catalyst life and a high initial/maximum selectivity to ethylene plus propylene could be
achieved simultaneously over SAPO-34 with a Si content of Si/(Si + Al + P) = 0.047. This result would be
valuable for the improvement of the catalytic properties of SAPO-34 used for a commercial MTO
fluidized-bed reactor. However, SAPO-34 with a very low Si content (e.g. Si/(Si + Al + P) = 0.039) exhibits a
shortened catalyst life due to the insufficient Bronsted acid sites in spite of the high selectivity to light
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Introduction

Zeolites are a family of microporous crystalline materials
containing uniform pores and cavities of molecular dimen-
sions, which have been widely employed as heterogeneous
acid catalysts in the petrochemical and fine chemical
industries."™ In recent years, as a successful alternative route
to produce light olefins from non-oil resources such as coal
and natural gas, methanol-to-olefins (MTO) conversion on ze-
olite catalysts has aroused extensive concern and has been ex-
tensively studied.”® A variety of molecular sieves have been
employed as MTO catalysts to date, and it is recognized that
the silicoaluminophosphate molecular sieve SAPO-34 with a
CHA topological structure shows excellent catalytic perfor-
mance in the MTO process due to its moderate acid strength
and ideal CHA cage.'®™® The diffusion of reactants and prod-
ucts over SAPO-34, however, would be greatly restricted once
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a significant fraction of the CHA cages is occupied by polycy-
clic aromatics (called coke) during the MTO process, leading
to the rapid deactivation of SAPO-34."*7"¢

In consideration of the effect of the characteristics of zeo-
lite catalysts on coking and deactivation rates, modification
of the acidic properties and improvement of the diffusion
properties of zeolite catalysts are two effective strategies to
obtain a highly active catalyst with a prolonged lifetime.'”>°
For SAPO-34, extensive attention has been paid to controlling
the Bronsted acidity, which is closely related to Si incorpora-
tion in the framework.”’>* Typically, enhanced catalytic per-
formance and coke resistance in the MTO reaction have been
observed on SAPO-34 having a lower Si content, and the ben-
eficial effects could be attributed to the lower acid density
and the isolated Si(4Al) environment that exhibits moderate
acid strength.>*® However, intimate knowledge of the rela-
tionship between the Bronsted acid density and catalytic per-
formance (activity/selectivity) of the low-silica SAPO-34 cata-
lyst in the MTO reaction is still lacking. This is mainly
because the synthesis of pure low-silica SAPO-34 with a low
and tunable Si content (nsi/nsiianp) < 0.07) still remains a
challenging work, and crystal impurities tend to form to-
gether with SAPO-34 when employing a precursor gel with a
low silica content.>® To date, very few cases that produce low-
silica SAPO-34 have been achieved, most of which involve the
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use of expensive tetraethylammonium hydroxide (TEAOH) as
the template.”®*” In addition, the synthesis temperature in
these procedures is generally higher than 170 °C. Therefore,
it is highly desirable to develop facile strategies to synthesize
SAPO-34 with a low silica content and elucidate the effect of
lower Bronsted acid density on the catalytic performance in
the MTO process.

Generally, crystallization temperature has a great influ-
ence on the zeolite nucleation and growth rate, which may al-
ter the reaction process/intermediate, and lead to different
crystal phases and sizes.”**° Our previous work also demon-
strated that low crystallization temperature could change the
crystal growth habit to fabricate hierarchical AIPO-based mo-
lecular sieves without the help of surfactants.*" Moreover, it
was also found that low-temperature crystallization may re-
sult in low efficiency for Si incorporation in the SAPO-5 prod-
uct in our synthesis cases, which suggests that altering the
crystallization temperature may be an effective method to
tune the Si content of SAPO molecular sieves. However, hith-
erto no attention has been paid to modifying the SAPO com-
positions via kinetic regulation by controlling the crystalliza-
tion temperature.

In the present work, a low-temperature strategy was thus
rationally developed to synthesize low-silica SAPO-34 with a
tunable Si content and good purity. The significance of the
silicon source and crystallization temperature in the synthe-
sis was demonstrated. The crystal size of low-silica SAPO-34
could be effectively decreased to 200 nm through a simple
seed-assisted approach. Meanwhile, the MTO catalytic perfor-
mances of SAPO-34s with varied low Si contents were investi-
gated in detail. The acid densities of SAPO-34s were mea-
sured and correlated with their reaction behaviours (both
lifetime and product selectivity). The advantage of nanosized
low-silica SAPO-34 when it comes to the the catalytic lifetime
was also confirmed. This work provides not only a facile way
to synthesize low-silica SAPO-34 but also useful guidance for
the optimization of the SAPO-34 catalyst for the MTO
reaction.

Experimental
Chemical reagents

The organic templates used in the synthesis were triethyl-
amine (TEA, 99 wt%, Tianjin Damao Chemical Reagent Co.)
and tetraethylammonium bromide (TEABr, 99 wt%, Shanghai
Annaiji Chemical Reagent Co.). Pseudoboehmite (67.5 wt%,
Shandong Chemical Co.), phosphoric acid (85.0 wt%, Si-
chuan Xianfeng Chemical Co.), and silica sol (31.0 wt%,
Shenyang Chemical Co.) were used as inorganic resources.
Tetraethyl orthosilicate (TEOS, 98 wt%, Tianjin Kemiou
Chemical Reagent Co.) and aluminium iso-propoxide
(Al(OPri);, 24.7 wt%, based on Al,O;, Sinopharm Chemical
Reagent Company) were used as the organic silica source and
aluminium source, respectively. All the chemicals were used
without further purification.
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Synthesis of low-silica SAPO-34 samples

The typical gel ratios for low-silica SAPO-34s were XxTEA:
YTEABr: 0.8A1,0;3: 1.0P,05: 2510, : 50H,0 and the details are
shown in Table 1. Typically, the hydrothermal synthesis was
performed as follows: 3.02 g of pseudoboehmite was firstly
added to 17.60 g of deionized water and then 5.76 g of phos-
phoric acid was added to the mixture under stirring. Then,
2.43 g of silica sol was added and stirred for a certain time.
After further addition of an organic amine and TEABr, the
mixture was further stirred for 2-4 h and the resulting mix-
ture was transferred into a 50 mL autoclave and heated at
120 °C for 48-96 h. After crystallization, the solid product
was recovered by filtration, washed with distilled water, and
dried in air. The product yield is based on the following for-
mula: yield (%) = Mgmpe X 85% X 100/(Ma1,0,p,0,:si0,)gels
where Mgample, 85%, and (Myy0,+p,04si0,)sel Stand for the
weight of the product, an estimated value of the framework
compounds included in the sample, and the dry mass of in-
organic oxides in the starting mixture, respectively.

Synthesis of nanosized low-silica SAPO-34s

Small amounts of ball-milled SAPO-34 were used as seeds (5,
10 and 15 wt% in relation to the sum of SiO,, Al,0;, and
P,05 contents in the initial mixtures) for the synthesis of
nanosized low-silica SAPO-34s. The preparation procedure of
seeds is as follows: 10.0 g of SAPO-34 was calcined at 600 °C
to remove the template. Then, it was dispersed into water
and milled in a planetary ball mill (QM-3SP2, Nanjing China)
at 550 rpm for 420 min. After milling, the slurry was collected
and dried at 100 °C overnight. The XRD pattern of the seeds
is given in Fig. S1f and it shows that the peak intensity of
the milled sample decreased a lot, indicating destruction of
the crystal structure. In a typical procedure, 3.02 g of pseudo-
boehmite was firstly added to 13.06 g of deionized water and
then 5.76 g of phosphoric acid was added to the mixture un-
der stirring. Then, 0.33 g of SAPO-34 seeds dispersed in 3.97
g of H,0 was combined with this mixture, followed by the ad-
dition of 7.85 g of TEABr and 4.92 g of TEA. The crystalliza-
tion was conducted in an oven at 120 °C for 48 h. After crys-
tallization, the product was separated from the mother
liquid, washed with water, and dried at 100 °C overnight.

Synthesis of reference samples (samples H1, H2 and H3)

For comparison, conventional SAPO samples with a mixture
of aTEA:bTEABr: 0.8A1,0;5:1.0P,05: ¢SiO,: 50H,0 were crys-
tallized at 160 °C or 200 °C for 48 h under autogenous pres-
sure. The synthetic procedure and material sources are the
same as those used for the above samples. The detailed gel
compositions for the samples are given in Table S1.}

Synthesis of reference samples templated by TEAOH
(samples H4 and H5)

The synthetic procedure and inorganic sources for the syn-
thesis of sample H4 are the same as those for the above

This journal is © The Royal Society of Chemistry 2016
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Table 1 Synthesis conditions, crystal phases and product compositions of the SAPO molecular sieves
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Gel composition”

Molar composition

Sample XTEA YTEABr zSi0, T/°C t/h Product XRF? XPS¢

L1 1.5 0 0.5 120 48 SAPO-5 — —

L2 2.0 0 0.5 120 48 No solid — —

L3 2.0 0.5 0.5 120 48 SAPO-34 Al 517Po.413510.070 —

L4 2.0 1.5 0.5 120 48 SAPO-34 Aly 405P0.43010.075 —

L5 1.8 1.5 0.5 120 48 SAPO-34 Al 510Po.423Si0.067 Aly_450P0.474S0.076
L6 1.8 1.5 0.2 120 96 SAPO-34 Aly 506P0.415510.056 —

L7 1.8 1.5 0.15 120 96 SAPO-34 Al 508P0.445510.047 —

L8 1.8 1.5 0.10 120 96 SAPO-34 Al 530P0.431S10.030 —

L9 1.8 1.5 0 120 96 AIPO-18 — —

L10 1.5 1.5 0.5 120 48 SAPO-34/18 Aly 491P0.462510.047 Alp 450P0.495510.055
L114 1.8 1.5 0.3 120 48 SAPO-34 Aly_186Po.385510.120 —

“ The initial molar composition was as follows: xTEA:yTEABr: 0.8A1,0;: 1.0P,05: 2Si0, : 50H,0. Si sol was used as the Si source in the gel.
b Determined by X-ray fluorescence (XRF) analysis. ¢ Determined by X-ray photoelectron spectroscopy (XPS) compositional analysis. © TEOS was

used as the Si source.

samples except for the use of TEAOH as the template. The de-
tailed gel composition for sample H4 is given in Table S1.}

Sample H5 was synthesized from starting gels with molar
compositions of 1.0Al,05:1.2P,05: 2.0TEAOH : 0.2Si0, : 40H,O
according to the work reported by Yu et al®* Typically,
Al(OPr'); was first finely ground and mixed with a TEAOH so-
lution and deionized water at room temperature. After it was
completely dissolved, phosphoric acid was added dropwise
and the mixture was further stirred for 2 h. Finally, fumed sil-
ica was slowly added. The reaction mixture was further
stirred for 1 h and then was transferred into a 100 mL stain-
less steel autoclave. Crystallization was conducted in a con-
ventional oven at 170 °C for 3 days under static conditions.
After the crystallization, the product was centrifuged, washed
with water, and dried at 100 °C overnight.

Characterization

The morphologies and the crystal sizes of the samples were
observed by scanning electron microscopy (SEM, Hitachi
SU8020). The particle size distribution was measured by Dy-
namic Light Scattering (DLS) using a Zetasizer Nano ZS
(Malvern Instruments). The Nano ZS system is equipped with
a 4 mW red laser (633 nm) and a detection angle of 173°.
The powder XRD pattern was collected to determine the crys-
talline phase using a PANalytical X'Pert PRO X-ray diffractom-
eter with Cu-Ko. radiation (1 = 1.54059 A) operated at 40 kv
and 40 mA. The chemical compositions of the solid samples
were determined using a Philips Magix-601 X-ray fluorescence
(XRF) spectrometer. X-ray photoelectron spectroscopy (XPS)
measurements were conducted on a Thermo ESCALAB 250Xi
XPS instrument. The X-ray excitation was provided by a
monochromatic Al Ka (1486.6 eV, 15 kV, 10.8 mA) source.
The surface atomic concentrations were determined from the
photoelectron peak areas of Si 2p, Al 2p and P 2p. Nitrogen
adsorption-desorption measurements were carried out using
a Micromeritics ASAP 2020 analyzer at -196 °C, after the sam-
ple was degassed at 350 °C under vacuum. The total surface

This journal is © The Royal Society of Chemistry 2016

area was calculated based on the BET equation. The micro-
pore volume, external surface area and micropore surface
area were evaluated by using the ¢plot method. The total
pore volume was determined from the amount adsorbed at
the relative pressure of about 0.98. The acid properties of the
samples were determined by temperature-programmed de-
sorption of ammonia (NH;-TPD) using a Micromeritics
Autochem II 2920 device. The samples (200 mg) were
outgassed under a He flow at 600 °C for 60 min. Then, the
samples were cooled down to 100 °C and subjected to a flow
of NH;/He for 30 min to saturate the sample with NH;. Sub-
sequently, a He flow was purged through the sample for 30
min to remove the weakly adsorbed NH; molecules. Measure-
ment of the desorbed NH; was performed from 100 to 650 °C
at a heating rate of 10 °C min™" under a He flow (20 mL
min™"). All solid state NMR experiments were performed
using a Bruker Avance III 600 spectrometer equipped with a
14.1 T wide-bore magnet. The resonance frequencies in this
field strength were 150.9, 156.4, 242.9 and 119.2 MHz for **C,
7Al, *'P and *°Si, respectively. A 4 mm MAS probe with a
spinning rate of 12 kHz was employed to acquire *'P, *’Al
and C NMR spectra. The *C MAS NMR spectra were
recorded with a contact time of 3 ms and a recycle delay of 4
s. The >’Al MAS NMR spectra were acquired using a single
pulse sequence. 200 scans were accumulated with a 7/8 pulse
width of 0.75 ps and a recycle delay of 2 s. Chemical shifts
were referenced to (NH4)AI(SO,),-12H,0 at —0.4 ppm. The *'P
MAS NMR spectra were recorded using high-power proton
decoupling. 32 scans were accumulated with a 7n/4 pulse
width of 2.25 ps and a 10 s recycle delay. Chemical shifts
were referenced to 85% H;PO, at 0 ppm. The 2°Si MAS NMR
spectrum was recorded with a 7 mm MAS probe with a spin-
ning rate of 6 kHz using high-power proton decoupling.
5000-6000 scans were accumulated with a n/4 pulse width of
2.5 pus and a 10 s recycle delay. Chemical shifts were
referenced to 4,4-dimethyl-4-silapentane sulfonate sodium salt
(DSS). The "H MAS NMR spectra were recorded using a 4 mm
MAS probe. The pulse width was 2.2 ps for a n/4 pulse, and
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32 scans were accumulated with a 4 s recycle delay. The sam-
ples were spun at 12 kHz, and chemical shifts were
referenced to adamantine at 1.74 ppm.

Catalytic tests

The performance of the catalysts in the MTO reaction was
tested in a quartz tubular fixed-bed reactor under atmo-
spheric pressure. Typically, 0.3 g of calcined SAPO-34 cata-
lysts (sieve fraction, 40-60 mesh) was loaded in the quartz re-
actor and activated under a nitrogen flow at 550 °C for 1 h.
After cooling to the reaction temperature of 450 °C, methanol
was fed by switching the carrier gas (28 mL min™") to pass
through the methanol saturator containing methanol at 30
°C, corresponding to a weight hourly space velocity (WHSV)
of 2.0 h™. While the MTO reaction was performed with a
WHSV of 4.16 h™", methanol was fed by the carrier gas (42
mL min") that passed through the methanol saturator
containing methanol at 35 °C. The products were analyzed by
an online gas chromatograph (Agilent GC 7890N) equipped
with a flame jonization detector (FID) and a Plot-Q column.

The amount of generated coke in the SAPO-34 catalysts af-
ter the MTO reaction was determined by thermal analysis
(TG-DTA) using a TA SDT Q600 analyzer at the temperature
range of 100-900 °C with a heating rate of 10 °C min~" under
an air flow of 100 mL min~".

Results and discussion
Synthesis and characterization of low-silica SAPO-34 samples

The gel compositions, synthesis conditions, and details of
the obtained products are summarized in Table 1 and the
corresponding XRD patterns are shown in Fig. 1 and S2.f It
can be seen that no SAPO-34 product could be achieved with
the use of only the organic amine TEA as the sole template
(samples L1 and L2). In consideration of the better structure-
directing ability of a quaternary ammonium cation than TEA,
TEABr was thus introduced to the synthetic gel as a co-tem-
plate. As a consequence, the pure phase of SAPO-34 was
obtained under the assistance of the mixed templates (TEA/
TEABr) after two days of crystallization by the low-

Relative intensity (a.u.)
g

T
10 20 30 40
2 Theta (degree)

Fig. 1 XRD patterns of as-synthesized low-silica SAPO-34 samples.
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temperature hydrothermal route. The amount of TEABr in
the synthesis gel of SAPO-34 could be modulated in a certain
range, and the product yields rose obviously with the increas-
ing TEABr content in the initial gel (33.7% solid yield for
sample L3 and 48.7% for sample L4). Furthermore, the silica
content in SAPO-34 could be reduced to a much lower level
without the appearance of any impurity by simply lowering
the silica content in the starting gel (Table 1, samples L5-L8),
which is difficult to achieve through conventional methods,
demonstrating the effectiveness of the present low-
temperature strategy. However, AIPO,-18 instead of AIPO,-34
crystallized as the final product without the addition of silica
in the gel, which is somewhat expected due to the fact that
AIPO-34 generally crystallizes in a F -containing system.

Fig. 1 shows the XRD patterns of the obtained SAPO-34
samples, which exhibit high crystallinity and match very well
with the simulated XRD pattern of the CHA-type molecular
sieve. Fig. 2 presents the SEM images of the samples, which
present a typical rhombohedral morphology with an uneven
surface for samples L5 and L6; however, with the further de-
crease of the silica concentration, the rhombohedral crystals
evolve into a sheet-like morphology (samples L7 and L8).
Moreover, XPS, a surface sensitive technique to analyze the
surface chemical composition, was also carried out to investi-
gate the Si distribution in the samples and the results are
shown in Table 1. It was found that the surface silica content
of low-silica samples is similar to the bulk elemental compo-
sitions derived from XRF analysis, suggesting a relatively uni-
form distribution of Si in the crystals from the core to the
surface. This is different from the previously reported results
for SAPO-34 samples having an obvious Si gradient (Table
S271) and is expected to be favourable for their MTO catalytic

Fig. 2 SEM images of as-synthesized low-silica samples.

This journal is © The Royal Society of Chemistry 2016
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performance due to the decreased enrichment of acid sites
on the crystal shell.>**

Generally, the hydrothermal synthesis of zeolites is a very
complicated process that may be influenced by many factors.
Herein, the successful synthesis of low-silica SAPO-34 is
also a result of a combination of multiple factors. First, the
presence of TEABr was demonstrated to be a critical factor to
the synthesis, which could accelerate the crystallization pro-
cess due to its better structure-directing ability. Second, the
gel pH (associated with the dosage of TEA) also played an im-
portant role in the synthesis. When the molar ratio of TEA/
TEABr changed from 1.8/1.5 to 1.5/1.5, the product varied
from SAPO-34 (sample L5) to SAPO-34/18 (sample L10). Upon
further decreasing the molar ratio of TEA/TEABr to 1.2/1.5,
the product turned into a mixture of SAPO-5 and SAPO-34/18.
That is, the gel pH mainly affected the product phases, as is
the case in the conventional synthesis. Moreover, several con-
trol experiments were also carried out to further elucidate the
parameters that are important for the formation of low-silica
SAPO-34. First, the initial gel with the same composition as
that of sample L5 was hydrothermally crystallized at 160 and
200 °C, respectively. Consequently, SAPO-34 with the AEI
phase as an intergrowth ecrystallized from the gel, as
evidenced by the broadening of a number of diffraction
peaks and especially the emergence of a small peak at around
16.9° in the XRD reflections (samples H1 and H2, Table S1,
Fig. S3t). Notably, the relative fractions of the AEI phase in
the intergrowth increase with the crystallization temperature,
which implies that a lower temperature affords the elimina-
tion of growth stacking faults in SAPO-34 crystals.*> More-
over, the silica content of sample H2 (Alg 451Po.418S10.131) pres-
ent a significant increase compared with that of sample L5
(Alp.510P0.423510.067), and an effort to synthesize low-silica
SAPO-34 at 200 °C by reducing the amount of silica in the gel
resulted in the appearance of a SAPO-5 impurity (sample H3,
Table S1 and Fig. S37), confirming the pivotal role of crystalli-
zation temperature. On the other hand, the type of silica
source was also demonstrated to play an essential role in the
synthesis. SAPO-34 with a much higher Si content would be
obtained when a monomeric silica source TEOS was used in-
stead of silica sol (sample L11, Table 1 and Fig. S2t). This in-
dicates that the slower depolymerization/hydrolysis rate of
silica sol in the gel under low temperature is important to
the final silica content of SAPO molecular sieves, which
makes tuning of the silicon content possible. Therefore,
employing a Si source with relatively low reactivity at low
temperature is important for the present synthetic strategy.

The textural properties of selected samples were deter-
mined using N, adsorption-desorption measurements and
the results are shown in Table 2 and Fig. S4.f All the sam-
ples exhibit the characteristic type I isotherms that give a
steep increase in the curve at low relative pressures,
confirming the microporosity of the samples. The large sur-
face areas and high pore volumes confirm the good crystallin-
ity of the samples achieved by means of the low-temperature
route.

This journal is © The Royal Society of Chemistry 2016
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Table 2 Textural properties of the samples

Pore volume

Surface area (m” g*) (em® g™
Sample Stotala Smicrob Scxtb Vmicrob Vmcsoc
L5 615 589 26 0.26 0.03
L7 634 626 8 0.27 0.02
L8 624 614 10 0.27 0.02
L5-10 640 588 52 0.25 0.11

@ BET surface area. ” Spiero (micropore area), Sex (external surface
area) and Viiero (micropore volume) determined from the ¢-plot
method. © Vieso (mesopore volume) = Vigral = Vinicro; Veotal 1S deter-
mined from the adsorbed volume at P/P, = 0.98.

3C MAS NMR was employed to investigate the incorpora-
tion of amines in the products and the corresponding spectra
are illustrated in Fig. S5.f For samples L3, L5 and L10 synthe-
sized using different mole ratios of TEA/TEABr, two peaks
centred at ca. 7 and 52.8 ppm assigned to the -CH; groups
and -CH,- groups of TEA', respectively, could be observed,
suggesting the only inclusion of TEA" in the as-synthesized
samples.*" However, the exact effect of TEA in the system is
more than to adjust the pH value, for no products crystallized
from the gel when other organic amines such as diethyl-
amine were employed as a co-template with TEABr. The role
of TEA in the synthesis of SAPO-34 is interesting and worthy
of further research.

The chemical environments of the framework atoms of
the samples were investigated by solid-state MAS NMR
spectroscopy. As shown in Fig. 3(a), the *°Si MAS NMR spec-
tra of low-silica SAPO-34s present a dominant peak at -92
ppm exclusively, demonstrating the presence of Si(4Al)

T T T T 1 r T T T T T 1
60 -70 -80 -90 -100 -110 -120 -130 100 80 60 40 20 O -20 -40 -60
ppm ppm

L8

I
e —
R

40 20 0 «2‘0 ~4I0 -(-;0 -8‘0 -1:)0 1‘0 QIB 6 1'4 " 2 0 ) -2 -4
ppm ppm
Fig. 3 2°Si (a), Al (b), 3P (c) and *H (d) MAS NMR spectra of as-
synthesized low-silica SAPO samples.

H4
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species in the framework and the absence of silica islands.
This is consistent with the low-silica characteristic of the
samples. As a comparison, the *°Si spectrum of sample H1
(SAPO-34/18 intergrowth, Al 40,P¢.4375i0.070) Synthesized at
160 °C was also obtained and is shown in Fig. 3(a). Clearly,
there are diverse silicon species in the framework of sample
H1. The spectrum presents a dominant peak at -91 ppm and
four overlapped peaks at around -95, -100, -105 and -110
ppm assigned to Si(1Si3Al), Si(2Si2Al), Si(3Si1Al) and
Si(4Si0Al), respectively, which should result from the exis-
tence of SAPO-18 in sample H1, though it has a similar Si
content to sample L5 synthesized at lower temperature. Fig.
3(b) and (c) show the *’Al and *'P MAS NMR spectra for low-
silica SAPO-34 samples, respectively. The *’Al spectra of the
samples display an intense peak at 40 ppm arising from tet-
rahedral Al. The weak peak appearing at 10 ppm should be
due to pentacoordinated Al atoms formed by interaction of
water or the template with the framework Al atoms.*® The *'P
spectra present a strong peak at -29 ppm corresponding to
tetrahedral P(4Al), while the small peaks from -20 to -13
ppm could be assigned to partially hydrated P(OAI),(H,0),
species.®”

Since Brensted acid sites originate from the protons on
the bridged hydroxyl groups, "H MAS NMR was used to char-
acterize the acidity of the calcined SAPO-34s and the obtained
spectra are shown in Fig. 3(d). The strong signals at 3.6 ppm
are unambiguously ascribed to bridged hydroxyl groups
(Si(OH)AI), while the signals at 0-2.4 ppm with very weak
intensities can be assigned to P-OH, Si-OH, and Al-OH
groups on the outer crystal surface and framework defects.*®
After deconvolution using fitting of the Gaussian-Lorentzian
function, the Brensted acid site densities are determined to
be 1.01, 0.80, 0.69 and 0.54 mmol g™ for samples H4, L5, L7
and L8, respectively (Table 3), consistent with their silicon
content.

The acidic properties of the samples were further investi-
gated by NH,;-TPD measurements and the profiles are shown
in Fig. S6.f All the samples present two desorption peaks at
170-190 and 380-430 °C. The former peak corresponds to the
desorption of physisorbed NH; and NH; adsorbed on lattice
defects or terminal Si(OH) and Al(OH), whereas the latter one
should mainly arise from the NH; desorption from the
Bronsted acid sites (the bridged hydroxyl groups Si(OH)AI),
which are the active sites in acid-catalyzed reactions. Obvi-

Table 3 Acid densities of the samples by *H MAS NMR and NH3-TPD

Si(OH)AI“ Medium and strong
Sample (mmol g™ acid amount” (mmol g )
H4 1.01 0.73
L5 0.80 0.68
L7 0.69 0.52
L8 0.54 0.39

“ Calculated from "H MAS NMR deconvolution using the Gaussian-
Lorentzian function. ? Calculated from the high-temperature desorp-
tion peak of NH,-TPD profiles.
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ously, the concentration of medium/strong acid sites of sam-
ples L5, L7 and L8 gradually drops (Table 3), in agreement
with the decreasing Si content. Moreover, one can also notice
a decreasing high-temperature desorption temperature fol-
lowing the decrease in Si content in the samples, which
should result from the different concentrations of strong acid
sites (diffusion limitation of NH; in the small apertures of
SAPO-34) rather than the varied strong acid strength.

Synthesis of low-silica SAPO-34 nanocrystals under the assis-
tance of seeds

In recent decades, the significant effect of particle size on
catalyst performance has motivated researchers to develop
methods of synthesizing nanoscale zeolites.*>*® Herein, the
crystal size of low-silica SAPO-34 could be successfully de-
creased to approximately 200 nm through a simple seed-
assisted approach. Based on the above synthetic gel, 5, 10,
and 20 wt% seeds (milled SAPO-34) were introduced into the
system, respectively, and the details of the set of experiments
performed are listed in Table S3.f The representative XRD
patterns of the samples obtained are displayed in Fig. S7,j all
of which present good purity. The corresponding SEM images
shown in Fig. 4 display the evolution of crystal sizes of the
samples and it can be seen that all three samples had a
rhombohedral morphology and the particle sizes gradually
dropped with the increase in the amount of seeds. Moreover,
the particle size distribution of the samples was also mea-
sured by DLS. As shown in Fig. S8,i the average particle size
was reduced from 800 to 500 nm upon the addition of 5 wt%
seeds. By further increasing the seed amount to 10 wt%, the
average particle size dropped to 250 nm. However, a relatively
small decrease in crystal size (~200 nm) was observed when
the seed amount was further increased to 20 wt%.

The N, physisorption results of samples L5-10 are given
in Table 2 and Fig. S4.f Uptake near the saturation pressure
in the isotherms is observed, which can be attributed to the
intercrystalline porosity formed by the agglomeration of
nanocrystals. The higher values of mesopore volume and ex-
ternal surface of samples L5-10 are in accordance with their
smaller crystal size.

Catalytic performance in the MTO reaction of low-silica
SAPO-34 catalysts with different acid densities

Catalytic tests of methanol conversion were carried out in a
fixed-bed reactor over SAPO-34 with different low Si contents
(samples L5, L7 and L8) and the results of conversion and

[§05

Fig. 4 SEM images of low-silica SAPO-34 nanocrystals synthesized
under the assistance of different amount of seeds.
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the selectivities of the products are displayed in Fig. 5. More-
over, in order to elucidate clearly the effect of acid properties
on catalytic performance, SAPO-34 with a slightly higher Si
content (Aly 499P0.418510.0s3) and a crystal size of ~1 pm was
also synthesized and investigated in the MTO reaction (sam-
ple H4 in Table S1, Fig. S3 and S97).

As shown in Fig. 5a, low-silica samples L5 (Al 510Po.425510.067)
and L7 (Aly.50P0.445510.047) €xhibit enhanced catalytic activity
compared with the reference sample H4 with a higher Si con-
tent. Specifically, the catalytic lifespan, during which >99%
methanol conversion can be kept, is only 276 min for the
sample H4 catalyst. Comparatively, an obviously prolonged
lifetime of 393 min could be observed over low-silica samples
L5 and L7, demonstrating the improved catalytic activity in
methanol conversion. This indicates that the catalytic stabil-
ity of SAPO-34 in the MTO reaction could be effectively in-
creased by lowering the Si content in the catalyst. However,
it is noted that sample L8 with the lowest Si content
(Aly.530P0.431S10.039) exhibits an obvious decline in catalytic sta-
bility compared with samples L5 and L7. Complete methanol
conversion over sample L8 can only be maintained for about
276 min, which was similar to that of the reference sample
H4. However, the deactivation behaviours of the two samples
differ due to their different acid densities. The low-silica sam-
ple L8 showed a slightly slower deactivation rate.

(@)
95

Conversion(%)
Selectivity/%

20 70

0 100 200 300 400 500

Time on Stream (min)
22

(b)

C4+C5+C6

Selectivity/%

10 T T T
100 200 300 400

Time on Stream (min)

Fig. 5 Methanol conversion (a), selectivity to ethylene plus propylene
(a) and C4" selectivity (b) with time-on-stream over samples with dif-
ferent acid densities. Reaction conditions: 450 °C, WHSV = 2 h™%, cata-
lyst weight = 300 mg.
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Generally, the catalytic performance of acidic zeolites dur-
ing the MTO process is influenced by multiple factors, such
as acidity, the microporous framework structure, and crystal
size." The formation of active intermediates and their further
condensation to polycyclic aromatic hydrocarbons that cause
the deactivation of the zeolite catalysts are strongly depen-
dent on these factors. On one hand, the pore architecture of
the zeolite exerts a crucial influence on the reactivity and sta-
bility in the MTO reaction.*"*> The intermediates generated
inside the cages change with the shape and size of the cage
due to spatial restrictions, which causes the cages to be
blocked to different degrees. Zeolites with small pores and
windows (such as SAPO-34) favor the formation of light ole-
fins, while large pores lead to products with large dynamic
diameters.”® On the other hand, acidic strength and acid den-
sity are also expected to have significant effects on the forma-
tion of active intermediates and side reactions leading to
coke formation, such as oligomerization, cyclization and hy-
drogen transfer.* A higher acidic strength could decrease the
energy barrier and thus increase the reaction rates.** How-
ever, it also accelerates the coke formation and causes a
shortened catalyst lifetime. A higher concentration of
Bronsted acid sites is also unfavorable for the reaction, as it
would give rise to the further condensation of hydrocarbon
pool compounds, accelerate coke deposits and reduce the cat-
alyst lifetime and light olefin selectivity. Finally, zeolites with
a small crystal size or hierarchical structure could effectively
reduce the inherent diffusion limitations, retard coke deposi-
tion and improve the catalytic stability.”” The effectiveness of
reducing the crystal size of low-silica SAPO-34 for the MTO re-
action will be also discussed later. In summary, in the MTO
reaction, in addition to the pore structure, acid strength, acid
density and crystallite size also determine the catalysts’ MTO
performances. Herein, the distinct catalytic stability among
the SAPO-34 samples should mainly result from the differ-
ence in the Brensted acid concentration as evidenced by
the 'H NMR and NH;TPD results (Table 3), since the
SAPO-34 catalysts tested have similar acid strengths (iso-
lated Si(4Al) environment), crystal sizes, surface areas and
pore structures. It means that there exists an optimum
range of acid densities for low-silica SAPO-34 to maintain
high reactivity and long-term stability in the MTO
reaction.

The product distribution of the MTO reaction over the
SAPO-34 catalysts is shown in Fig. 5. It can be seen that light
olefins (ethylene and propylene), showing an increasing trend
with time on stream, are the main products for all catalysts.
Among the catalysts, the reference sample H4 displays the
lowest selectivity to ethylene plus propylene (maximum of
83.3%), in accordance with it having the shortest catalytic
lifetime. With the decrease of Si content in SAPO-34, the se-
lectivity to ethylene plus propylene presents an increasing
trend, and the best results are observed over samples L7 and
L8, both of which give an approximate maximum value of
~86%. In addition, both low-silica samples exhibits excel-
lent initial selectivities to ethylene plus propylene (77.69%
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and 79.43% for samples L7 and L8, respectively), which are
obviously higher than those of samples L5 (74.92%) and H4
(72.82%). It is noted that a high initial selectivity to ethylene
plus propylene is also important for a fluidized catalyst with
SAPO-34 as the active component, considering that the
fluidized-bed reactor has been adopted for the commercial
MTO process.” As the catalyst in the fluidized-bed reactor is
always a mixture of catalysts with different coking degrees,
the existence of a fresh catalyst in the reactor is inevitable
and contributes to the production of light olefins. Therefore,
the achievement of a high initial and maximum selectivity to
ethylene plus propylene over low-silica samples L7 and L8 are
very valuable and would make them good candidates for the
MTO reaction, especially for sample L7 with a long catalytic
lifetime. Likewise, the change in selectivity to light olefins of
the catalysts should be ascribed to the different Bronsted
acid concentrations. A higher amount of acid sites in sample
H4 would promote the occurrence of side reactions, that is,
the olefin products, which are highly active, undergo oligo-
merization to form heavy products and further cyclization and
hydrogen transfer to form aromatic coke molecules. The
formation of coke species would further cause an increasing
number of successive reaction steps along the diffusion path.
Correspondingly, the selectivity to alkanes (such as ethane
and propane) increases, while the selectivity to light olefins
drops and the catalyst lifetime is shortened. With the de-
crease in acid density of the catalysts, the bimolecular reac-
tions, such as hydrogen transfer, are depressed, which results
in the retainment of light olefins and the achievement of lon-
ger catalyst lifespans (this is the exact case for sample L7). Al-
though a high selectivity to ethylene plus propylene is
obtained over sample L8 having the lowest acid density, its
catalyst lifetime displays an obvious decline compared with
that of sample L7. It is supposed that a very low Si content
of SAPO-34 would lead to insufficient acid sites, which makes
the sample easier to be deactivated by the formation of heavy
coke species.

The hydrogen transfer index (HTI, C;Hg/C3He)*® was also
investigated to evaluate the hydrogen transfer level of the sec-
ondary transformation of olefin products. As shown in Fig. 6,
the HTI values decrease with time on stream for all samples,
which is due to the formation of heavy products and the cov-
erage of partial strong acid sites. The relatively gentle slope
for samples L7 and L8 is in agreement with their lower acid
density. In addition, the HTI values drop with decreasing
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Fig. 6 Hydrogen transfer index (C3zHg/C3Hsg) in the MTO reaction over

SAPO-34 catalysts. Experimental conditions: WHSV = 2 h™, T = 450
°C, catalyst weight = 300 mg.

acid density of the catalysts, which implies the decreasing oc-
currence of side reactions and matches well with the high se-
lectivity to ethylene and propylene of samples L7 and L8.

The MTO reaction over SAPO-34 has been reported to follow
the aromatic-based hydrocarbon pool (HP) mechanism.*®*?
On the other hand, our previous work demonstrated that the
olefin methylation and cracking mechanism route cannot be
ruled out for methanol conversion over SAPO-18 with a rela-
tively low Brensted acid site density.* Under this case, the re-
action activity was very low and the formation of aromatic-
based HP species was greatly restrained due to the extremely
low acid concentration. Herein, given that sample L8 is active
for methanol conversion and the selectivity to propylene and
higher olefins does not increase in comparison with sample L5
and L7 (the olefin methylation and cracking mechanism favors
the formation of propylene and C4"), the aromatic-based HP
mechanism should account for the catalytic performance of
sample L8, which demonstrated the lowest Bronsted acid den-
sity investigated in the present work.

The crystallite size of SAPO-34 is an important factor that
influences the catalytic performance, and nanosized SAPO-34
tends to exhibit a prolonged lifetime due to its shortened dif-
fusion path.'®'” Herein, the MTO catalytic performances of
nanoscale low-silica SAPO-34s (samples L5-10, 200-300 nm)
were measured and the results are displayed in Table 4. As
expected, samples L5-10 present longer catalyst lifetimes
than sample L5 (~1 pm) with a high selectivity to ethylene
plus propylene (maximum of 85.2%). The coke formation
over the deactivated catalysts was also measured by thermal

Table 4 Catalytic performance and coke formation over SAPO-34s in the MTO reaction®

Sample Lifetime” (min) Cy ¢ (%) Cs ¢ (%) Cy +C5° (%) Coke content? (%, g Zeat ') Reoke” (8 ear - mMin ™)
L5 191 51.2 33.8 85.0 23.08 0.091

L5-10 242 51.4 33.8 85.2 25.08 0.085

H5 208 48.1 35.6 83.7 —_ —_

“ Reaction conditions: 450 °C, WHSV = 4.16 h™", catalyst weight = 300 mg. ” The lifetime is defined as the reaction duration with >99%
methanol conversion. © The selectivity to C,- and C;~ refers to the highest selectivity to ethylene and propylene with >99% methanol
conversion. ¢ Determined using a TG and DTA analyzer and measured after the MTO reaction; R..r = coke content/reaction time (the reaction
duration for samples L5 and L5-10 is 256 and 293 min, respectively. Both of them reach a similar methanol conversion of ~80%).
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analysis and the results are given in Table 4. Considering
that the deposited coke corresponds to different durations of
methanol conversion for samples L5 and L5-10, we further
calculated the average coking formation rate, which was de-
fined as: coke content (g g ")/reaction time (min). It could
be seen that the nanosized sample has a larger capacity for
coke species and a slower average coking formation rate than
the microsized sample, when they reach a similar methanol
conversion of ~80%. Furthermore, low-silica SAPO-34
templated by TEAOH having a nanosheet-like morphology
(~75 nm in thickness) was also synthesized according to the
literature'® and used as a reference sample (sample H5 in Ta-
ble S1 and Fig. S10,i Alj 400P0.441510.069)- The catalytic result in-
dicates that both the lifetime and selectivity to ethylene plus
propylene of the SAPO-34 catalysts obtained by the low-
temperature route are comparable with or even longer than
those of sample H5 synthesized with the much more expen-
sive TEAOH (Table 4).

Conclusions

In summary, low-silica SAPO-34s with a tunable silica content
and relatively uniform Si distribution in the crystals have
been rationally synthesized through a facile low-temperature
strategy. The adoption of low crystallization temperature and
a silicon source having relatively low reactivity is revealed to
be crucial to the synthesis. The composition of dual tem-
plates (TEA/TEABr) in the system could be modulated in a
certain range. However, although the addition of TEA is
indispensible for the synthesis, only TEA" is included in the
products. Furthermore, the SAPO-34 crystal size could be ef-
fectively decreased to 200 nm through a simple seed-assisted
approach with ball-milled SAPO-34 as seeds. The results of
the MTO reaction over SAPO-34 with varying low Si contents
indicate that the catalytic activity of the catalysts is strongly
influenced by their Bronsted acid site density. Enhanced cata-
lytic performance (long catalytic lifetime and high selectivity
towards light olefins) could be achieved over low-silica SAPO-
34 with a moderate Bronsted acid concentration and nano-
crystal size. SAPO-34 having a very low Si content (e.g. Si/(Si +
Al + P) = 0.039) would cause a reduction of the catalytic
lifespan due to the insufficient Bronsted acidic sites in spite
of its high selectivity to ethylene plus propylene. This facile
approach for synthesizing low-silica SAPO-34 provides an al-
ternative to other costly and complex approaches, and holds
potential for the improvement of SAPO-34 catalysts in the
MTO reaction. This work was supported by National Natural
Science Foundation of China (21476228 and 21506207).
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