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In this work, a comprehensive study of the hydrothermal synthesis and catalytic performance of

SAPO-34 templated by the isomeric dipropylamine (DPA) and diisopropylamine (DIPA) was
carried out. SAPO-34 with faster crystallization rate and lower Si content could be obtained with
DIPA as the template, suggesting the better templating efficacy of DIPA than DPA. Theoretical
calculations reveal that DIPA possesses more favourable non-bonding interactions with the CHA
framework and the electronic configuration is of vital importance in determining the template
efficacy. SAPO-34-DIPA with low silicon contents exhibits excellent performance, over which a
maximum selectivity of ethylene plus propylene (87.2%) is observed. This value should be
among the top ever reported. The surface Si enrichment on the crystals, which is both template-
and condition-dependent, is revealed to be of significant influence in the catalytic performance.
The relatively homogenous Si distribution in the crystals, lower acid concentration and weaker
acid strength corporately make SAPO-34-DIPA an excellent MTO catalyst.

1. Introduction commercialized MTO utility with a production capacity of 600
000 tons light olefins per annum.%
Silicoaluminophosphate (SAPO) molecular sieves are an

important class of open-framework crystalline materials, which
possess intrinsic cavities and channels and find widespread use
in gas separation and catalysis. " Since their first invention by
the Union Carbide scientists in the early 1980s,*° a variety of
SAPO molecular sieves with unique structures have been
successfully synthesized.

The structures of SAPO molecular sieves cover a wide
range of different framework types; some are analogous to
certain aluminosilicate zeolites, while a lot have unique
topologies with no zeolitic counterparts.® Among the various
SAPOs, SAPO-34, the SAPO isomorph of zeolite chabazite,
has been attracting special attention.”? The CHA (IZA code)
framework of SAPO-34 is fabricated by the ordered stacking of
the double 6-rings (D6R, Figure 1)."* * The resulting
framework, characterized by the barrel-like CHA cages with 8- %
ring openings, 15 c0n5|derfed to be_the Ideal_ |ncubat_|on (_:radle Figure 1 The barrel-like cages of SAPO-34 (Si omitted); two CHA cages are shown
for the hydrocarbon pool intermediates (active species) in the |, ihe structure
methanol to olefins (MTO) reaction.**° In actual fact, SAPO-

34 based catalysts have been successfully applied in a Till now, organic templates or structure directing agents
(SDASs) are indispensable in the synthesis of SAPO molecular
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sieves, in spite of the development of multiple synthetic
strategies, including hydrothermal method,® #* solvothermal
method,? dry-gel conversion,'* 2% and solvent-free synthesis.?*
It is found that one template may produce molecular sieves with
different structures by varying the synthetic conditions; and one
type of molecular sieve could also be synthesized using
different templates.”® The elemental composition, local
microscopic structure and morphology of one specific
molecular sieve may change with the templates.?®?® Therefore,
the catalytic performance of the products may be different.

Research on the synthesis of SAPO-34 and its
physicochemical/catalytic property is one of the most
interesting issues in the area of molecular sieves. Many amines
have been claimed to be used as the template for the synthesis
of SAPO-34.2°3%2 The structure-directing ability varies among
these organic amines, as indicated by the distinct crystallization
rate, compositions range etc. Among the amines, two isomeric
amines, DPA and DIPA arouse our great interests. Both amines
have been extensively studied as the templates for SAPO-11,
SAPO-31, and SAPO-41, but less attention has been paid to
their structure-directing ability to the formation of SAPO-34.%%
% Our recent work shows that DIPA could be an efficient SDA
to direct the aminothermal synthesis of SAPO-34 with high
solid yield and good MTO catalytic performance.® It would be
therefore interesting to study the hydrothermal synthesis of
SAPO-34 templated by DIPA and DPA and their
physicochemical properties (catalytic behaviors). In addition,
considering the closely related molecular structures of both
amines, a theoretical study on their templating ability might
also help us better understand the host-guest relationship and
the role of the organic amines in the synthesis of molecular
sieves, which is of fundamental importance towards a priori or
de novo synthesis.?® 364

In this contribution, a comparative study of the
hydrothermal synthesis of SAPO-34 using DPA and DIPA as
the template is carried out. Theoretical calculations are
performed to elucidate the different templating efficacy of two
amines. The obtained SAPO-34 samples are characterized in
detail and tested as catalysts for the MTO reaction. Distinct
catalytic performance over samples is observed. Factors that
might influence the catalytic properties are discussed.
Fortunately, some enlightening results are discovered.

2 Experimental

2.1 Synthesis procedures. A typical hydrothermal
synthesis procedure using DPA or DIPA as the template was as
follows. Pseudoboehmite (70.0 wt%), water, phosphoric acid
(85 wt%), and silica sol (30 wt%) were sequentially added into
a plastic beaker. The resulting mixture was stirred at room
temperature for 30 min to form a homogenous gel. After further
addition of DPA or DIPA as the template, the mixture was
transferred into a stainless steel autoclave and sealed quickly.
Subsequently, the autoclave was transferred into an oven,
heated to 200 °C and kept for certain crystallization period
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under tumbling conditions. After the crystallization, the as-
synthesized samples were obtained through combined processes
of centrifugation, washing and drying at 373 K overnight.

The reference sample R1 was synthesized using
triethylamine (TEA) as the template according to the same
procedure mentioned above.

The solid yield of the samples was calculated by the
following formula: Yield (%) = (Mgmpe * 83%) * 100 /
(Mai203+ Mpaost Msio2)gels Where Mggmpie and (Majzos+ Mpaos+
Msio2)ger Stand for the weight of as-synthesized solid samples
and the dry mass of three inorganic oxides in the starting
mixtures, respectively. The weight percentage of dry mass in
the as-synthesized samples (83%, template and water removed)
was derived from the TG analysis.

2.2 Characterization. The powder XRD patterns were
recorded on a PANalytical X'Pert PRO X-ray diffractometer
with CuKa radiation (A= 1.54059 A), operating at 40 kV and 40
mA. The chemical composition of the solid samples was
determined with a Philips Magix-601 X-ray fluorescence (XRF)
spectrometer. The crystal morphology was observed by
scanning electron microscopy (SEM, KYKY-AMRAY-1000B).
All the solid state NMR experiments were performed on a
Bruker Avance |1l 600 spectrometer equipped with a 14.1 T
wide-bore magnet. The resonance frequencies were 156.4,
242.9, 119.2, 150.9 and 600.1 MHz for Z’Al, *'P, °Si, 13C and
H, respectively. Z7Al, *'P, *C and 'H MAS NMR experiments
were performed on a 4 mm MAS probe with a spinning rate of
12 kHz. ¥ Al MAS NMR spectra were recorded using one pulse
sequence. 200 scans were accumulated with a 7/8 pulse width
of 0.75 ps and a 2 s recycle delay. Chemical shifts were
referenced to (NH,)AI(SO,),.12H,0 at -0.4 ppm. 3P MAS
NMR spectra were recorded using high-power proton
decoupling. 32 scans were accumulated with a n/4 pulse width
of 2.25 us and a 10 s recycle delay. Chemical shifts were
referenced to 85% H3PO, at 0 ppm. *C MAS NMR spectra
were recorded using high-power proton decoupling. 244 scans
were accumulated with a /2 pulse width of 5 pus and a 4 s
recycle delay. Chemical shifts were referenced to admantane
with the upfield methine peak at 29.5 ppm. 'H MAS NMR
spectra were recorded using one pulse program. 4 scans were
accumulated with a n/2 pulse width of 4.4 pus and a 60 s recycle
delay. Chemical shifts were referenced to admantane at 1.74
ppm. 2°Si MAS NMR spectra were recorded with a 7 mm MAS
probe with a spinning rate of 6 kHz using high-power proton
decoupling. 5000-6000 scans were accumulated with a w/4
pulse width of 2.5 ps and a 10 s recycle delay. Chemical shifts
were referenced to 4, 4-dimethyl-4-silapentane sulfonate
sodium salt (DSS).Textural properties of the calcined samples
were determined by N, adsorption at 77 K on a Micromeritics
ASAP 2020 system. The total surface area was calculated using
the BET equation. The micropore volume and micropore
surface area were evaluated using the t-plot method. TG and
DSC analysis was performed on a Perkin-Elmer Pyris-1 TGA
and DTA-7 analyzer with the temperature-programmed rate of

This journal is © The Royal Society of Chemistry 2012

Page 2 of 10



Page 3 of 10

New Journal of Chemistry

Table 1. Summary of the synthesis of SAPO molecular sieves using DPA or DIPA as the template.

Sample ¥ R Al,Oq P,Os SiO, H,0 Product Yield
1 1.0 DPA 1.2 0.9 0.5 40 SAPO-31 -
2 3.0 DPA 1.2 0.9 0.0 40 AIPO-11 -
3 3.0 DPA 1.2 0.9 0.3 40 SAPO-34+minor SAPO-11 55.6%
4 3.0 DPA 1.2 0.9 0.5 40 SAPO-34 74.0%
5 3.0 DPA 1.2 0.9 0.75 40 SAPO-34 77.6%
6 5.0 DPA 1.2 0.9 0.5 40 SAPO-34 80.4%
7 1.0 DIPA 1.2 0.9 0.5 40 SAPO-11 -
8 3.0 DIPA 1.2 0.9 0.0 40 AIPO-11 -
9 3.0 DIPA 1.0 0.9 0.2 40 SAPO-34+minor SAPO-11 90.6%
10 3.0 DIPA 1.2 0.9 0.3 40 SAPO-34 83.1%
11 3.0 DIPA 1.2 0.9 0.5 40 SAPO-34 84.5%
12 3.0 DIPA 1.2 0.9 0.75 40 SAPO-34 85.2%
R1 3.5 TEA 1.0 1.0 0.3 50 SAPO-34 70%

[a] All the synthesis experiments are carried out at 200 °C for 48 h under tumbling conditions.

10 °C/min under an air flow of 100 ml/min. X-ray
photoelectron spectroscopy (XPS) analysis was conducted on
VG ESCALAB MK2 XPS system. AlKa X-ray (1486.6 eV)
radiation was used for exciting the photo electron spectra. A
hemispherical analyzer was employed for electron detection,
and the pass energy of the analyzer was set at 50 eV.
Quantification analysis of the surface elemental compositions
was determined by the areas of the core-level peaks of Si 2p, Al
2p and P 2p. The temperature-programmed desorption of
ammonia (NH3-TPD) experiments were conducted in a
Micromeritics Autochem 1l 2920 device. 0.1 grams of the
sample particles (40—60 mesh) were loaded into a U-quartz tube
and pretreated at 650 °C for 60 min under a gas mixture of NH;
and He flow was introduced to saturate the sample surface with
NH; adsorption (60 min). After this, He flow was purged
through the sample for 30 min to remove the weakly adsorbed
NH; molecules. The measurement of the desorbed NH; was
performed from 100 °C to 700 °C (10 °C min™) under He flow
(20 ml min'™h).

2.3 Calculation details. The host-guest interactions
between the SAPO-34 framework and template molecules are
theoretically studied based on molecular mechanics. All the
calculations are carried out using the Material Studio 6.0
software provided by the Accelrys Inc. The conformations of
the investigated templates and the interaction energies are
described with the COMPASS forcefield. A super cell
comprised of 4 rhombohedra unit cells of the CHA structure is
built to model the host framework of SAPO-34. Periodic
boundary conditions are applied. The framework atoms are kept
fixed during the calculations. The optimal docking positions of
the organic molecules inside the host framework are determined
via a simulated annealing process. Ewald summation method is
chosen for the calculation of the Coulombic electrostatic energy.
For the van de Walls interaction energy, atom-based summation
method with a cutoff value set at 12.5 A is applied.

2.4 Catalyst Evaluation. MTO reaction was carried out
with a fixed-bed reactor at atmospheric pressure. 1.2 grams of
calcined SAPO-34 crystals was loaded into the reactor. The
catalyst was pretreated in a flow of nitrogen atmosphere at 823
K for 1 h. Nitrogen flow was turned off when the reactor was

This journal is © The Royal Society of Chemistry 2013

cooled down to 723 K. A mixture of methanol and water with a
CH3;0OH/H,0 weight ratio of 40/60 was consequently pumped
into the reactor. The weight hourly space velocity (CH;OH
WHSV) was 4 h™. The products were analyzed by an Agilent
GC7890 gas chromatograph equipped with a FID detector and
HP-PLOT Q capillary column.

The methanol conversion was defined as the percentage of
CH3;0OH consumed during the MTO reaction. The selectivity
was defined as the weight percent of each compound in the
total products. It should be noted that dimethylether (DME) was
considered as a reactant instead of product here.

3 Results and Discussion

3.1 The influence of the synthetic parameters. Table 1
lists the overall results of the hydrothermal syntheses using
both DPA and DIPA as the template. The powder XRD patterns
of the selected samples are presented in Figure S1. As can be
seen, the crystallization of SAPO-34 is significantly affected by
the silicon ratio in the initial gel for both amine systems. With
DPA as the template, AIPO-11 having the AEL (IZA code)
structure is obtained in the absence of silicon. Increasing the
molar ratio of silicon to 0.3, SAPO-34 crystallizes with minor
SAPO-11 as impurities. Pure SAPO-34 could only be obtained
when the value is increased to as high as 0.5. A similar trend is
observed for the samples synthesized using the DIPA template.
With the increasing silicon content, a gradual phase transition
from AEL to CHA is observed.

Another notable parameter that is found to exert great
influence on the phase selectivity of the syntheses is the
template dosage. In the DPA system, SAPO-31 is synthesized
when the molar ratio of DPA in the initial gel equals to 1.
Increasing the value to 3 or 5, SAPO-34 is readily formed in
pure phase, suggesting that higher DPA loading is favourable
for the CHA phase selectivity. Similarly, larger amount of
DIPA template is also found to be the prerequisite for the
synthesis of pure SAPO-34. This is in agreement with the
previous reports that increasing the gel alkalinity is better for
the formation of pure phase of SAPO-34.

J. Name., 2013, 00, 1-3 | 3
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Figure 2. °C MAS NMR (A) and 'H MAS NMR (B) spectra of the as-synthesized samples 4 (below) and 10 (above); Asterisks indicate spinning sidebands.

Despite the similar influential factors for SAPO-34
syntheses using DPA and DIPA templates mentioned above,
some variances have also been observed. One variance lies in
the different crystallization rates of SAPO-34. After a
crystallization period of 3 hours, SAPO-34 is readily
crystallized with high relative crystallinity under the DIPA
system, while amorphous phase still dominates the product with
DPA as the template even after a crystallization duration of 12
h (Figure S2). This suggests the faster crystallization rate of
SAPO-34 templated by DIPA. Another difference between the
two systems comes from the lowest silicon content requirement
for the formation of pure SAPO-34 phase. The syntheses under
the DPA system are more sensitive to the silicon content in the
initial gel, as is indicated by the difficulty for pure phase
SAPO-34 synthesis when the molar ratio of silicon is less than
0.5 (sample 3). In effect, attempts to synthesize SAPO-34 with
lower silicon content have been extensively carried out by us
using DPA as the template, but failed in vain with the inherent
occurrence of AEL phase as impurities. Moreover, the solid
yields of SAPO-34 templated by DIPA are higher than those
with DPA as the template, suggesting the better atomic
utilization efficiency under the former system. This is
interesting in view of the similar structure and alkalinity of both
amines. It is inferred that the synthesis differences between
DIPA and DPA systems might stem from the different template
efficacy of the two isomers, which will be further discussed in
the later part from a theoretical point of view.

Table 2. Textural properties of the SAPO-34 samples templated by different
amines

Surface area (m?/g) Pore volume (cm®/g)

Samp : ¢ Stotal ™ Shicro Sex\m Viotal Vmicro
4 592 589 3 0.29 0.28

10 605 600 5 0.30 0.28
R1 595 594 1 0.28 0.28

) BET surface area. ™ t-plot micropore surface area. [ t-plot external surface
area. ™ t-plot micropore volume.

This journal is © The Royal Society of Chemistry 2013

Samples 4 and 10 synthesized using DPA and DIPA as the
corresponding template respectively, are selected to undergo
detailed characterizations. SEM images reveal that both
samples possess the typical rhombohedral morphology with
sizes ranging from 2 to 5 pum (Figure S3, S4 and S5, see ESI).
N, adsorption experiments reveal that the textural properties of
the two samples are quite similar to each other, with a high
micropore surface area around 600 m?/g and a large micropore
volume of 0.28 cm®/g (Table 2). These values are also close to
those of reference sample R1 synthesized with TEA as the
template (Table 1). Both the SEM images and textural data
verify the good crystallinity of the SAPO-34 samples.

3.2 Template status in the as-synthesized samples. The
status of the templates inside the CHA frameworks of SAPO-34
is investigated by a combined analysis of TG-DSC experiments
and multiple NMR techniques including *3C and *H MAS NMR
spectroscopy.

13C MAS NMR spectra of the as-synthesized samples 4 and
10 are presented in Figure 2. For sample 10 templated by DIPA,
two resonance peaks centered around 49 and 19 ppm are
observed, which could be explicitly assigned to the two
different carbon positions (C; and C,) of the DIPA molecule,
respectively. As for sample 4, an extra peak at 11 ppm occurs,
corresponding to the additional C; position in DPA molecule.
Both spectra are congruent with the standard *C spectra of
DPA and DIPA molecules, suggesting their intactness inside
the as-synthesized samples.*

The intactness of the two templates is further corroborated
by the 'H MAS NMR spectra (section B, Figure 2). Three
resonance peaks corresponding to the three different hydrogen
positions (7.3, 3.5 and 1.3 ppm) are observed on sample 10,
while four peaks (7.5, 3.0, 1.7 and 1.1 ppm) due to the presence
of an additional H position in DPA molecule are observed on
sample 4. Another message inferred from the 'H MAS NMR
spectra is that the molecules of the two templates are in the
protonated form. The chemical shifts of the two investigated
samples show more resemblance to the standard spectra of

J. Name., 2013, 00, 1-3 | 4
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Figure 3. TG (A) and DSC (B) curves of the as-synthesized samples of 4 and 10; the corresponding DTG curves of the two samples are also presented (inset, A)
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Figure 4. Optimal distributions of DPA and DIPA molecules inside the CHA cages of SAPO-34(viewed along [001] direction).

diisopropylamine hydrochloride and dipropylamine
hydrochloride. Due to protonation, the peaks corresponding to
the H atoms in the imide groups are observed to shift to lower
magnet field comparing to the non-protonated form for both
templates.*! This conclusion is also confirmed by a quantitative
analysis. The deconvoluted results reveal that the ratio of the H
atoms bonding to nitrogen over total H atoms per molecule is
about 1/7.8 and 1/8.1 for DPA and DIPA templates,
respectively. Such high values unambiguously indicate that an
extra proton is linked to the nitrogen atoms in both amines,
despite the possibility that minor quantities of water might exist
and cause a little underestimation of the calculation results.

TG and DSC curves of the as-synthesized samples 4 and 10
are presented in Figure 3. The DTG curves are also shown in
the inset. For sample 4 templated by DPA, a typical three-step

This journal is © The Royal Society of Chemistry 2013

weight loss is observed. The first weight loss (T <150 °C)
accompanied by the endothermic process is ascribed to water
removal. The second weight loss (350-450 °C) with the strong
exothermic peak is due to the preliminary combustion of the
DPA molecules. The third weight loss (450-690 °C) is probably
attributed to the further removal of the heavier organic residues
in the channels and cages of SAPO-34. A three-step weight loss
is also observed on sample 10. However, the third weight loss
is not as obvious as that on sample 4. For sample 10, the
combustion removal of the organic compounds is mainly
completed in the second weight loss under relatively lower
temperature (<450 °C). It is speculated that some variances in
microstructure or silicon distribution (acid properties) might
exist and have led to this interesting phenomenon. No obvious
weight loss or heat flow change ascribing to framework

J. Name., 2013, 00, 1-3 | 5
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collapse is observed till 900 °C for both samples, suggesting
their good thermal stability. Notice that the weight losses
ascribed to the template removal are essentially the same (about
12 wt%) for both samples. Based on the elemental
compositions and topological structure of the samples, it is
calculated that only one DPA or DIPA molecule is
encapsulated in each CHA cage. This value equals to that of
TEA or TEAOH reported previously.?® 3°

3.3 Theoretical simulations. The theoretical density and
distribution of the template molecules is investigated through a
simulated annealing process based on Monte Carlo method.*? A
super cell comprised of 2*2*1 rhombohedra unit cells is built as
the model frameworks, in order to give the template molecules
more conformation freedom.”® Note that the Si atoms are
omitted here for the difficulty in determining their exact
distributions. The negative framework charge caused by silicon
substitution is instead simulated by a uniform background
charge model,*" *° by evenly distributing the charge among the
framework Al and P atoms. The guest template molecules are
supposed to be in a protonated form to balance the negative
charge of the frameworks, which is also congruent with the H
MAS NMR analysis. COMPASS forcefield, a consistent force
field with unified parameters for both inorganic and organic
systems, is selected to describe all the interactions.*s #
Simulation results reveal that only one molecule could be
incorporated into each cage of CHA framework for both DPA
and DIPA. Higher loading of the templates, e. g. 5 DPA or
DIPA molecules for each super cell, consistently leads to a
simulation failure due to energy unconvergence. The theoretical
density of the template derived from the simulation results is
congruent with the experimental results. The optimal docking
positions and geometries of the DPA and DIPA templates are
presented in Figure 4. All the template molecules are found to
be located inside the CHA cages with relatively larger
dimensions.

Table 3. Calculated interaction energies (per template molecule) between the
CHA frameworks and template molecules

Template ! Electrostatic van der Walls Non-bonding
DPA -28.07 -22.31 -50.39
DIPA -80.73 -21.97 -102.70
TEA -44.19 -21.55 -65.74

[a] The unit of the above data is uniformly presented in kcal/mol.

After determining the optimal distributions of the template
molecules, further calculations to study the interactions
between the isomeric templates and the CHA frameworks are
carried out. We focus particularly on the non-bonding
interaction energy, an energy term that has been extensively
applied as the criterion to justify the template efficacy.
48 TEA, a common SAPO-34 template, is also considered and
calculated here as reference. The calculated non-bonding
energies and the two components of it, i.e. the van der Walls
interaction and Coulomb electrostatic interaction energy, are
listed in Table 3. As is demonstrated, DIPA possesses the
strongest non-bonding interactions with the CHA framework.

6 | J. Name., 2012, 00, 1-3

36, 37, 39, 43,

The non-bonding interaction energy is calculated to be -102.7
kcal/mol, a value much higher than that of DPA and the
reference TEA template. It suggests that, among the three
investigated organic amines, DIPA template could stabilize the
CHA frameworks with the highest efficiency. Accordingly, the
template efficacy of DIPA for SAPO-34 synthesis is superior to
that of both DPA and TEA, in good agreement with the
experimental results shown in the previous section.

Further digging into the two comprising parts of the non-
bonding energies, it could be found that the van der Walls
interaction energies for the three templates are quite close to
each other. The variation in the non-bonding interactions
originates predominately from the Coulomb electrostatic
interactions, suggesting that, compared with geometry fit, the
electronic configurations are more significant in determining
the template efficacy of the three investigated templates. This
founding could well explain the difficulty of low-silicon SAPO-
34 synthesis using DPA template. It is inferred that more
silicon species are required to be incorporated to create a
relatively favourable host-guest electrostatic interaction
between the CHA frameworks and the DPA molecules, and
thus a much harsher limitation on Si content in the initial gel is
observed for pure phase SAPO-34 synthesis under DPA
templating system. Interestingly, although it is previously
reported that the omitting of the electrostatic interactions has
little influence on the non-bonding energy trend, we
demonstrate herein that the electrostatic interactions might do
exert significant effect on the non-bonding interactions and thus
the template efficacy, at least under our investigated systems
and calculation protocols.

Si (4A1)

T T T T 1
-60 -70 -80 -90 -100 -110 -120 -130
8.1 (PP

Figure 5 29Si MAS NMR spectra of the calcined samples 4 (a), 10 (b) and R1 (c)

3.4 Local atomic environments in the calcined samples:
Z7al, 3P and 2°Si MAS NMR. The local atomic environments
of three elements (Al, P and Si) in the calcined samples 4, 10
and R1 are investigated by MAS NMR experiments and the
corresponding spectra are presented in Figure S7, S8, and 5,
respectively. As is shown in the Al MAS NMR spectra

This journal is © The Royal Society of Chemistry 2012
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(Figure S7), a single symmetrical peak centered around 35 ppm
is observed on all the three investigated samples, suggesting the
sole existence of tetra-coordinated aluminum in the three
calcined samples. Likewise, the *!P MAS NMR spectra of the
three samples (Figure S8) exhibit one symmetrical resonance
signal around -30 ppm, revealing that all phosphorous species
exist in the form of P (4Al) coordination environment. However,
some coordination diversities are observed for the Si species.
For samples 10 and R1, one strong resonance around -94 ppm
is observed, corresponding to the predominant Si (4Al)
environment in both samples. In addition, a small shoulder peak
around -98 ppm could also be discerned in the spectrum of
sample R1, which suggests the existence of Si (3Al) species.
Sample 4, templated by DPA, possesses a much more complex
silicon environment with the co-existence of several silicon
coordination environments. This is reasonable considering its
high silicon content in the bulk phase (Si/ (Si+Al+P)= 0.122,
see Table 4).

Table 4. The bulk and surface compositions of samples
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[a] The bulk elemental compositions derived from XRF analysis. [b] The
surface elemental compositions derived from XPS analysis. [c] The surface
Si enrichment index R is defined as [Si/(Si+P+Al)]surface/ [Si/(Si+P+Al)]pui to
indicate the degree of surface enrichment degree of Si species.

It is quite interesting to see the difference in the Si
coordination environments of samples 10 and R1, considering
their close Si content and the same template number per CHA
cage. According to our previous research, the phenomenon is
possibly related to the different Si distributions in the SAPO-34
crystals (from core to surface) of sample 10 and R1.2%3% %9 XpS
experiments were hence carried out to investigate the surface
elemental compositions of the two calcined samples and the
results are shown in Table 4. Both samples exhibit a surface Si
enrichment  phenomenon, confirming the non-uniform
distribution of Si in the crystals with an increase from the core
to the surface. The surface Si content of sample R1 could reach
0.206 (Si/(Si+Al+P)), which is obviously higher than that of
sample 10 and consistent with the appearance of Si (3Al)
species observed in the 2°Si spectrum of sample R1. It is
speculated that the Si environments on the crystal surface of
sample R1 should be more complex than those in the bulk
phase. Other Si species such as Si (2Al), Si (1Al) and Si (0AI)
might also exist, but pitifully could not be detected because of
their relatively small quantity.

3.5 Catalytic performance in the MTO reaction. The
MTO performance of the obtained SAPO-34 is investigated on
a fixed-bed micro-reactor. The results are given in Figure 6 and
Table S1. Sample R1 templated by TEA are also evaluated as
reference catalysts.
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Figure 6 Methanol conversion (solid) and (C;Hs+CsHg) selectivity (hollow) during
the MTO reaction on samples 4, 10 and R1 (reaction conditions: 723 K, CH;0H
WHSV=4 h'l, 40 wt% methanol solution).

A poor MTO performance is observed on sample 4, which
shows the shortest catalyst lifetime (89 min) and a low
selectivity towards ethylene plus propylene (81.4%). This
should be related to its high silicon content and complex silicon
environments, considering the similar crystal sizes and textural
properties of the investigated samples. According to the
literatures,”® % SAPO-34 with lower Si content (lower acidity),
corresponding to the major existence of Si (4Al) environment
in the framework, generally exhibits better MTO reaction
performance. It is thus reasonable to see that sample 10 with
decreased silicon content exhibits good MTO results, whatever
be the catalyst stability and the olefin selectivity. The
selectivity of ethylene plus propylene rises with the time on
stream and reaches a maximum of 87.2% under total methanol
conversion. The corresponding catalyst lifetime is 208 min,
much longer than that of sample 4. Notably, such a selectivity
of ethylene plus propylene should be among the highest values
ever reported for the MTO reaction, suggesting the excellent
catalytic properties of sample 10 templated by DIPA.

The superiority of sample 10 as MTO catalyst is further
confirmed by comparing its catalytic performance with sample
R1 possessing similar Si content to sample 10. The catalyst
lifetime and selectivity of ethylene plus propylene on sample
R1 are 123 min and 80.4%, respectively. The different catalytic
performance of sample 10 and R1 might result from their
different surface Si enrichment degree on the two samples.
Weckhuysen et al.! once reported that MTO reaction initially
occurred in the near-surface region of HSAPO-34 crystal. The
larger coke compound formed in the cages at the edges of the
crystal would cause diffusion limitation and inhibit the release
of product generated inside. This implies that the Si
coordination environment on the crystal surface of SAPO-34
has very important effect on the MTO reaction. Therefore, it is
inferred that the relatively low surface silicon amount together
with dominant Si (4Al) environment in sample 10 slows down
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the coke formation on the outer surface and benefit the olefin
selectivity and catalyst lifetime.
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Figure 7 Temperature programmed desorption curves of ammonia for the
calcined samples 4, 10 and R1.

NHs-TPD experiments are further carried out to detect the
acid properties of the samples. As illustrated in Figure 7, two
desorption peaks are observed for all three samples. The peaks
centered around 185 °C are ascribed to ammonia desorbed from
the weak acid sites, while the peaks at higher temperatures
correspond to the NH; desorption from the moderate/strong
acid sites, which are mainly associated with the Brensted acid
sites and have close relation with the MTO catalytic properties.
Both the concentration and strength of the moderate/strong
acidities in the three samples have the following order: sample
4 > sample R1 > sample 10. This is consistent with the %Si
NMR spectra and XPS results, because Si island (Si (nAl), n=1-
3) could generate stronger acidities than Si (4Al) environment.
Note that this order is in line with the hydrogen transfer index
(Figure 8) of the three samples, but opposite to the catalytic
lifetime and the selectivity to ethylene plus propylene,
confirming that the lower acidity concentration and relatively
weaker acid strength are beneficial to the MTO reaction.
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Figure 8 Hydrogen transfer index (HTI, defined as CsHg/C3Hs) of methanol
conversion over the investigated catalysts.
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4 Conclusions

SAPO-34 has been hydrothermally synthesized using both
Dipropylamine (DPA) and Diisopropylamine (DIPA) as the
template. Synthetic results indicate that DIPA has better
templating ability for the SAPO-34 synthesis than DPA. The
different template efficacy of the two amines is rationalized via
theoretical calculations based on molecular mechanics, which
reveals the stronger non-bonding interactions of DIPA with the
CHA framework. It is also found that the electronic
configurations exert greater influence than the geometrical fit in
determining the non-bonding interaction energy under our
investigated systems. Most interestingly, the hydrothermally
synthesized SAPO-34 using DIPA template displays excellent
Methanol-to-olefins (MTO) catalytic performance with long
lifetime and high olefin selectivity (87.2 %), which should be
among the highest values ever reported for MTO reaction.
Further characterization reveals that the relatively low surface
Si enrichment, lower acidity concentration and weaker acid
strength associated with the DIPA template led to this
encouraging result. The higher solid yield and excellent MTO
performance might help the hydrothermal synthesis of SAPO-
34 using DIPA template find its applications industrially.
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SAPQO-34 Templated by Dipropylamine and Diisopropylamine:
Synthesis and Catalytic Performance in the Methanol to
Olefins (MTO) Reaction
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This paper describes a detailed investigation on SAPO-34 synthesis templated by
isomeric amines and the catalytic performances in MTO reaction.



