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ABSTRACT

Aminothermal synthesis reported by our group recently, in which organic amine is used as the solvent
and template, could obviously enhance the solid yield and crystallization rate of SAPO-34 as compared
with the corresponding hydrothermal one. Herein, aminothermal crystallization process of SAPO-34 is
investigated to gain insights into this novel synthetic method by XRD, SEM, IR, UV-Raman and various
solid-state NMR techniques. It is found that aminothermal environment facilitates the fast formation of a
semicrystalline AIPO layered phase, which further promotes the quick activation of Al source. The
lamellar phase, which is water-soluble and contains double 6-rings in the framework, could be stabilized
by protonated triethylamine (TEA™'). SAPO-34 nucleates from the rearrangement of the double 6-rings in
the layered phase through bond breaking, reforming and Si incorporation after heating at 160 °C for 3 h.
For the hydrothermal process, the interaction between TEA™ and inorganic species is weak and the
formation of layered phase is retarded due to its high solubility in water. Correspondingly, the activation
of Al source is slow and SAPO-34 appears after 24 h. This work demonstrates the importance of water
concentration in the synthetic system, which may influence the formation of intermediate species and
alter the crystallization process and rate.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

performance in the methanol-to-olefins (MTO) reaction due to its
moderate acid strength, small pore and ideal chabazite cages for the

Zeolites are a family of microporous crystalline materials con-
taining uniform pores and cavities of molecular dimensions that
have been extensively employed as heterogeneous acid catalysts in
petrochemistry and fine chemical industries [1—5]. Due to the in-
dustrial importance of zeolites and the academic interest in their
structural complexity and diverse physicochemical properties,
considerable efforts have been devoted to zeolite synthesis, in
which one breakthrough was the discovery of silicoaluminophos-
phate (SAPO) molecular sieves with a broad range of structure
types in 1984 [6,7]. Among SAPOs, SAPO-34 is one of the most
significant members, which exhibits excellent catalytic
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formation of polymethylbenzenium intermediates (active species
in the MTO reaction) [8—14]. Hitherto, hydrothermal method is the
primary strategy to synthesize SAPO-34 [15—19], together with
other synthetic approaches such as dry-gel conversion [20—22] and
solvent-free synthesis [23].

Novel synthetic methods, which may bring the opportunity to
create new materials or known phases with specific properties, are
always attractive in the field of molecular sieves [24,25]. In our
previous work, a novel aminothermal synthesis route, in which
organic amines are used as both the solvent and template, has been
developed for the synthesis of SAPO molecular sieves [26,27]. It was
demonstrated that the aminothermal method was an effective
route to synthesize SAPO molecular sieves and SAPO-34 with a high
yield (>90%) could be achieved at an accelerated crystallization rate
[27]. It is distinct from the previous reports on the hydrothermal
synthesis of SAPO-34 [15,16,19], implying that the aminothermal
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crystallization process of SAPO-34 may differ from the hydrother-
mal system.

Generally, investigation on the synthesis process of molecular
sieves is conducive to understanding the crystallization mechanism
and allows a rational design and synthesis of products with desired
compositions and properties [28,29]. However, molecular sieves
are usually synthesized from amorphous gels which are general
inhomogeneous with both liquid and solid components under hy-
drothermal conditions. Numerous multiple-component reactions
and equilibrium and condensation steps occur simultaneously,
complicating the crystallization process and making the study on
crystallization difficult [30—33]. So far, many efforts have been
dedicated to understanding the crystallization mechanism of
SAPO-34 [34—41]. Vistad et al. studied the hydrothermal crystalli-
zation of SAPO-34 with morpholine as a structure-directing agent
in the presence of HF [42,43]. They demonstrated that the gel first
dissolved into small units which condensed to no more than 4-
rings (4R) and then a layered intermediate (the prephase) started
to form. The next step was the redissolution of the prephase into 4R
building units of different types and the subsequent nucleation and
crystallization of triclinic SAPO-34. Our group have studied the
crystallization and Si incorporation of SAPO-34 with triethylamine
as the template and revealed that the crystal nuclei of SAPO-34
resulted from the structure rearrangement of the initial gel and
the condensation of the hydroxyls [44]|. About 80% of Si atoms
directly took part in the formation of the crystal nuclei as well as in
the growth of crystal grains in the earlier stage (<2.5 h). Afterwards,
the relative content of Si in the product increased slightly with a
little decrease of Al and P. Eventually, diverse Si environments
appeared in the framework of SAPO-34. In our following study on
the crystallization process of SAPO-34 templated by diethylamine,
we further revealed a nonuniform Si distribution phenomenon in
the SAPO-34 crystals with an increasing content from the core to
the surface [16]. This finding is valuable for understanding the
spatial distribution of Brensted acid sites in the crystals, which is
crucial for the catalytic applications of SAPO-34 [13,45,4G]. More-
over, Huang and co-workers investigated the crystallization of
SAPO-34 under dry gel conversion conditions including steam-
assisted conversion (SAC) and vapor-phase transport (VPT) using
diethylamine as the template [47]. They found that SAPO-34 crys-
tallized from a semicrystalline precursor with a layered structure
held mainly by weak nonbonding interaction. From the above lit-
eratures, it can be seen that the evolution of crystallization may
vary with the synthetic methods (hydrothermal synthesis or dry-
gel conversion), even though the organic template and product
phase are the same.

In the present work, we examined the aminothermal synthesis
process of SAPO-34 by using TEA as the solvent and template,
aiming at better understanding the crystallization mechanism and
elucidating the reason of the high solid yield and fast crystallization
rate associated with this synthetic system. As a comparison, the
hydrothermal synthesis of SAPO-34 with TEA as a template was
also investigated. Many characterization methods were employed
to follow the SAPO-34 crystallization including XRD, SEM, IR, UV-
Raman, XRF and various solid-state NMR techniques.

2. Experimental section
2.1. Sample preparation

Organic amine used in the synthesis was triethylamine (TEA,
99.5 wt%). Pseudoboehmite (70.5 wt%), orthophosphoric acid
(85 wt%), and silica sol (27.5 wt%, Shenyang Chemical Co. Ltd.) were
used as inorganic precursors. All the chemicals were used without
further purification.

SAPO-34 was aminothermally synthesized from a gel composi-
tion of 7.0TEA: 1.0Al,03: 0.9P,0s5: 0.3Si0;: 15.7H,0. A typical syn-
thesis procedure was as follows. Organic amine, pseudoboehmite,
silica sol and water were added in sequence into a glass beaker. The
mixture was stirred at room temperature for 5 min, and then
transferred into a 100 mL stainless steel autoclave. After further
addition of phosphoric acid, the autoclave was sealed quickly,
placed in an oven and rotated at 60 rpm for 30 min to get a ho-
mogeneous mixture. Subsequently, the autoclave was heated in
60 min to the 160 °C under rotation and kept for a certain time. The
autoclaves were taken out from the oven periodically. The as-
synthesized sample was separated by centrifugation and divided
into two parts. One part was directly dried in air at room temper-
ature, and the other part was washed with distilled water and dried
in air. The crystallization time was recorded once the temperature
of the oven reached 160 °C. Moreover, the initially mixed gel
without heating was also characterized and named as 0 h(RT)
sample. The solid yield of samples was calculated by the following
formula: Yield (%) = Mgample % 85% x 100/(Mal,0,+p,05+si0;)gels
where Msample, 85%, and (Ma,0,+p,05+si0,)gel Stand for the weight
of solid sample, an estimated value of framework compounds
included in the sample, and the dry mass of three inorganic oxides
in the starting mixture, respectively. The relative crystallinity of the
samples was calculated using the integrated intensities of the three
strong characteristic diffraction peaks from XRD patterns after
baseline correction by the following formula: relative crystallinity
(%) = (ll+12+I3)sample/(ll+12+[3)reference- I3, I, I3 stand for integrated
intensities of the three peaks of 9.5°, 15.9°, and 20.6°. The 48 h
sample obtained under aminothermal synthesis was used as the
reference.

The starting molar ratio for the hydrothermal synthesis of SAPO-
34 was 3.0TEA: 1.0Al,03: 0.9P,05: 0.3SiO3: 50 H,0. Typically, the
procedure was performed as follows: Pseudoboehmite, deionized
water, phosphoric acid and silica sol were added in sequence into a
glass beaker. The mixture was stirred at room temperature for
30 min. After further addition of organic amine, the mixture was
transferred into a 100 mL stainless steel autoclave and placed in an
oven and rotated at 60 rpm for 30 min to get a homogeneous
mixture. Subsequently, the autoclave was heated in 60 min to the
160 °C under rotation and kept for a certain time. The as-
synthesized sample was separated by centrifugation without
washing and dried in air at room temperature. The crystallization
time was recorded once the temperature of the oven reached
160 °C. The initially mixed gel without heating was named as HT-Oh
(RT).

2.2. Characterization

The powder XRD pattern was collected to determine the crys-
talline phase on a PANalytical X'Pert PRO X-ray diffractometer with
Cu-Ka radiation (A = 1.54059 A) operated at 40 kV and 40 mA. The
morphologies and the crystal sizes of the samples were observed by
scanning electron microscopy (SEM, Hitachi 3000). The chemical
composition of the samples was determined with a Philips Magix-
601 X-ray fluorescence (XRF) spectrometer. IR spectra of the sam-
ples in the region of the framework stretching vibrations (400-
4000 cm~') were measured using KBr containing pellets on a
Bruker Tensor 27 spectrophotometer. UV Raman spectra were
measured with a Jobin-YvonT64000 triple-stage spectrometer with
spectral resolution of 2 cm~'. The laser line at 325 nm of a He/Cd
laser was used as an exciting source with an output of 50 mW. The
power of the laser at the sample was about 3.0 mW.

All solid state NMR experiments were performed on a Bruker
Avance III 600 spectrometer equipped with a 141 T wide-bore
magnet. The resonance frequencies in this field strength were
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156.4, 242.9 and 119.2 MHz for 27Al, 3'P and 2°Si, respectively. A
4 mm MAS probe with a spinning rate of 13 kHz was employed to
acquire >'P and %Al NMR spectra. Al MAS NMR spectra were
acquired using a single pulse sequence. A 200 scans were accu-
mulated with a 7t/8 pulse width of 0.75 ps and a recycle delay of 2 s.
Chemical shifts were referenced to (NH4)AI(SO4)2-12H50
at —0.4 ppm. 3'P MAS NMR spectra were recorded using high-
power proton decoupling. A 100 scans were accumulated with a
7/4 pulse width of 2.25 pus and a 4 s recycle delay. Chemical shifts
were referenced to 85% H3PO4 at 0 ppm. 2%Si MAS NMR spectrum
was recorded with a 7 mm MAS probe with a spinning rate of 6 kHz
using high-power proton decoupling. A 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). 2’Al{>'P} REDOR experi-
ments were performed with the 4.0 mm probe with a spinning
speed of 10 kHz using the standard REDOR pulse sequence. The
REDOR experiment is a rotor synchronized double resonance MAS
technique. This technique involves two experiments with the first
one being normal spin-echo experiment on 2’Al (observing nu-
cleus). In the second (REDOR) experiment, during the spin—echo on
27Al1, a number of 180° pulses are applied to >'P (dephasing nu-
cleus). The echo intensity of REDOR experiments will decrease
because of a nonzero average of dipolar coupling compared to the
normal echo without 180° dephasing pulses. A 2.5-us 90° pulse was
also used for 2’Al. 3'P 180° dephasing pulse length was typical 11 ps.

3. Results and discussion

3.1. X-ray diffraction and morphology study of the samples with
different crystallization durations

To monitor the evolution of long range ordering of the amino-
thermal gel, powder XRD patterns of the washed and unwashed as-
synthesized samples with different crystallization time were
recorded and given in Fig. 1. The pattern of the initial unwashed gel
shows an obvious reflection at 8.7° together with several weak
peaks, suggesting that the reorganization of amorphous gel occurs
immediately upon mixing and results in the formation of an in-
termediate phase. The broad reflection and the intensity distribu-
tion (i.e., a strong reflection with a low 26 value and a series of
reflections in the middle and high 20 regions) indicated a semi-
crystalline layer type material with a certain long-range ordering.
Upon washing, these broad reflections disappear in the corre-
sponding XRD pattern and only broad amorphous peaks indexed to
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unreacted pseudoboehmite could be observed (Fig. 1b), further
implying that the intermediate phase is a soluble semicrystalline
layered material probably held by the weak forces such as hydrogen
bonding and vander Waals forces [38,41,47]. Heating the gel for 3 h,
the intensity of the peaks due to the layered phase in the unwashed
sample increases, while the amount of pseudoboehmite in the
washed sample decreases sharply, indicating the rapid activation/
transformation of pseudoboehmite source in the aminothermal
environment. When the heating time is prolonged to 5 h, several
fingerprint peaks associated with the CHA-type framework start to
emerge. Upon washing, all broad reflections from the layered phase
vanish completely, and only sharp diffraction peaks of SAPO-34
remain in the pattern (Fig. 1b). Meanwhile, the relative intensities
of the peaks ascribed to the intermediate phase change slightly,
indicating that the structure of this semicrystalline phase evolve
with time and is likely accompanied by the slight rearrangement of
the layered phase. Further heating the gel leads to the gradual in-
crease of SAPO-34 in the unwashed samples at the expense of the
semicrystalline layered phase. The fully crystalline SAPO-34 phase
is obtained after heating for 24 h, and the intensities of the re-
flections increase gradually with time till the end of the experi-
ments (48 h).

The crystallization curve based on the relative crystallinity of
the washed samples is plotted in Fig. 2. It is in accordance with the
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Fig. 2. The crystallization curve of SAPO-34 under aminothermal conditions.

(a) (b)
48 h

- - 48 h
3 3
© ©
- 30h - 30h
=y =
7] [7/]
g 24h & 24h
€ ,.»L___)__L___,‘A £
s [ ., 18h
2 S 7h = 7h
1] ©
s 5h 5 | b o 5h
r L A 3h (4 3h

S 0 h(RT) 0 hRT)

T T T T T T T T T T T T T T T
10 20 30 40 50 10 20 30 40 50

2 Theta (degree)

2 Theta (degree)

Fig. 1. XRD patterns of the unwashed (a) and washed (b) samples aminothermally synthesized with different crystallization durations.
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S-shaped growth curve which is described as an induction period
followed by a continuous crystal growth stage and a stable crys-
tallization stage. The relative crystallinity of SAPO-34 rises with
time and reaches 83% after heated for 24 h. Afterwards, the crys-
tallinity of the samples rises slowly with time.

Fig. 3 gives the SEM images of the selected unwashed samples
with different crystallization times. It can be seen that the initial gel
and the 3 h sample mainly consist of irregular blocks, which implies
the amorphous morphology of the layered phase. Cubic-like SAPO-
34 crystals begin to appear on the surface of irregular particles after
heating for 5 h, corresponding well to the XRD results. Further
prolonging the crystallization time, the amorphous solids gradually
transform into SAPO-34 crystals in the products. SEM images of the

N D6.0 x20k  30um

N D41 x2.0k

30 um

corresponding washed samples are shown in Fig. S1. Clearly, the
crystal sizes grow with the evolution of crystallization and pure
SAPO-34 crystals are observed in the washed products after 24 h.

3.2. Evolution of the chemical environments of the framework
atoms in the samples studied by NMR

To investigate the local structural information of P, Al, and Si
atoms in the solids with different crystallization durations, solid-
state MAS NMR experiments were performed. Fig. 4a displays the
27A1 MAS NMR spectra of the unwashed samples, all of which show
an intense peak at 42.4 ppm, assigned to tetrahedrally coordinated
Al in local structures of Al(OP)4. Additionally, the signal at 8.6 ppm

D41 x20k  30um

Fig. 3. SEM images of the unwashed samples synthesized with different crystallization durations.
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Fig. 4. %Al MAS NMR spectra of the unwashed (a) and washed (b) samples aminothermally synthesized with different crystallization durations.

is attributed to either unreacted alumina source or the penta-
coordinated Al atoms formed by tetrahedral Al bonding with water
or template, while the weak peak at —12.1 ppm indicates the
presence of a small amount of octahedral Al atoms [48].
Throughout the process of crystallization, the spectra of the un-
washed samples show a bit of difference, implying the slightly
different chemical environment of Al atoms between the layered
phase and SAPO-34 phase. However, obvious change occurs in the
27A1 spectra of the washed samples (Fig. 4b). For the initially
washed sample without heating, only one strong peak at 8.5 ppm is
observed in the spectrum, which is due to the unreacted alumina
source as evidenced by XRD analysis. Notably, the signals at 42.4
and —12.1 ppm in the corresponding unwashed sample vanish,
implying that the corresponding Al species are soluble, which
should originate from the semicrystalline layered phase. After
heating for 3 h, two weak signals at 42.4 ppm and —11.9 ppm
related to insoluble tetrahedral and octahedral Al species start to
appear in the 27Al spectrum. Given that only broad weak peaks
related to alumina source are detected in the XRD of the 3 h sample,
these two Al species likely come from the newly formed AIPO phase
with amorphous nature or very small crystalline size (<20 nm).
Subsequently, the signal at 42.4 ppm becomes stronger at the
expense of the signal at 8.5 ppm with increasing crystallization
time, consistent with the formation of SAPO-34 and the depletion
of alumina source. The ?’Al spectra of the samples with crystalli-
zation time longer than 18 h are similar to that reported for SAPO-
34 [47]. Overall, the changes in the Al environments are in accor-
dance with the XRD results.

The 3P MAS NMR spectra of the samples synthesized at
different crystallization times are shown in Fig. 5. The spectrum of
the unwashed initial gel exhibits two peaks centered at
around -19.3 and -29.1 ppm. Particularly, the sharp peak
at —19.3 ppm disappears after washing, which should be attributed
to the P atoms in the layered material in the form of P(OAI)x(OH)y
(x < 4). Its narrow peak width indicates the ordered local envi-
ronment around P atoms, though they are not fully condensed. The
broad peak at —13.8 ppm is assigned to the amorphous P species

arise from the remaining H3PO4 in the gel or amorphous alumi-
nophosphate. For the unwashed sample heated for 5 h, a small
weak signal at —29.1 ppm is observed, which is assigned to the
P(OAl),4 species in the framework of SAPO-34 in combination with
the XRD results. Afterwards, the intensity of the peak due to SAPO-
34 increases at the expense of the signals at —13.8 and —19.3 ppm.
Upon washing, the 3P spectra of the samples show distinct changes
except the 48 h sample (Fig. 5b), which is due to the dissolution of
the layered material. For the initial raw mixtures, only a broad weak
signal at —9.9 ppm associated with amorphous aluminophosphate
is observed. After heating the mixtures for 3 h, an upfield shift of
the broad peak from —9.9 to —15.9 ppm could be observed, which
suggests the increased condensation degree of P species. Simulta-
neously, a weak shoulder at —29.1 ppm assigned to the P(OAl)4
species appears, which is consistent with the existence of tetra-
hedral Al species in the corresponding 2”Al spectrum, indicating the
formation of small amount of SAPO-34 nanocrystals though it is
under the detection limit of XRD. After t > 18 h, only a signal
around —29.1 ppm assigned to the tetrahedral P in the SAPO-34 is
observed in the spectra of the washed samples, indicating their full
crystallization.

To further identify the connectivity between the Al and P atoms
in the unwashed samples, 2’Al{3!P} REDOR experiments were car-
ried out to make a clear assignment of signals in the Al spectra
(Fig. 6). For the 0 h unwashed sample, two peaks at 42.2
and —12.1 ppm are observed in the REDOR difference spectrum (A
S), suggesting that both the tetrahedral and octahedral Al atoms
have close vicinity with the 3'P nuclei. Considering that these two
Al species exist in the semicrystalline layered phase, the layered
precursor should contain Al species in the form of Al(OP)4 and
AI(OP)4(H20)x(TEA)y (x + y = 2, x > 1). The absence of the signal at
8.8 ppm in the REDOR difference spectra implies that the corre-
sponding Al species originate from unreacted alumina source. In
the REDOR difference spectrum of the 18 h heated sample, all of the
three peaks exist except a decrease of the peak at 9.0 ppm, implying
the existence of some unreacted alumina at this time. After heating
for 48 h, the REDOR difference spectrum of the unwashed sample is
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Fig. 5. >'P MAS NMR spectra of the unwashed (a) and washed (b) samples aminothermally synthesized with different crystallization durations.

proximate to the corresponding 2’Al spectrum, confirming the
good connectivity with 3'P nuclei of the three Al species and their
origin from SAPO-34.

The 2°Si MAS NMR spectra of the unwashed and washed sam-
ples are displayed in Fig. 7. Only a broad peak around —110.9 ppm is
observed in the 2%Si spectrum of the initial gel, which can be
assigned to unreacted amorphous silica mainly with Si(OSi)4 en-
vironments. Since the semicrystalline layered phase has already
formed in the raw mixture and the Al and P atoms in the layered
material are proved to have ordered microenvironments and sharp
NMR resonances, the broaden peak in the 2°Si spectrum here in-
dicates that the layered material is Si-free or Si-deficient. The

(a) 422

spectrum of the unwashed 5 h sample shows a small peak centered
at —92.0 ppm, which becomes more apparent after washing, indi-
cating the generation of Si(OAl)4 in the sample. As a small amount
of SAPO-34 has already formed after heating for 3 h as revealed by
the 2’Al and 3P spectra, it is supposed that Si atoms have directly
participated in the formation of SAPO-34 at the initial crystalliza-
tion stage. Moreover, several weak peaks (—80 to —92 ppm) which
correspond to Si(OAl)y(OH)(4-n) (n = 2, 3) species also emerge in the
spectra, implying the formation of a small amount of amorphous
aluminosilicate particles due to the reaction of silica with alumina.
Further heating the gel, the intensities of the peaks from amor-
phous silica and aluminosilicate species decrease, whereas the

0.0
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Fig. 6. 2’Al {*'P} REDOR spectra of the 0 h (RT) (a), 18 h (b), and 48 h (c) unwashed samples (So: 2’Al spin-echo, S: REDOR, AS: REDOR difference. Asterisks indicate spinning

sidebands.).
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Fig. 7. 2°Si MAS NMR spectra of the unwashed (a) and washed (b) samples aminothermally synthesized with different crystallization durations.

amount of the Si(OAl)s species increase, showing that more Si
atoms incorporate into the framework of SAPO-34. At the end of the
crystallization, the spectra of the samples present a strong peak
at —92.0 ppm, indicating the dominant existence of Si(OAl)4 species
in the SAPO-34 product [48].

3.3. FI-IR study of the samples with different crystallization
durations

FT-IR spectra of the selected unwashed samples are shown in
Fig. 8. The framework characteristic vibration peaks of the 48 h
sample are comparable to the SAPO-34 reported in the literature
[44]. The bands are assigned as follows: 3650-3000 cm™! arising
from the hydroxyl vibration; 1300-1000 cm™! ascribed to the
asymmetric stretch of T-O tetrahedra; 740 cm~! due to the sym-
metric stretch of T-O tetrahedra; the bands below 700 cm™! cor-
responding to the vibration of double-6 rings (D6R) and the
bending of T-O. Moreover, small bands at 1400, 1480, 2734 and
2935 cm™~! could be observed, which arise from the —CH, and —CH3
groups of the template.

By comparing the IR spectra of the samples, it can be seen that
two bands at 2493 and 2677 cm™! appear in all the spectra except
for that of the 48 h sample, which are ascribed to the P-containing
groups in H3PO4 or amorphous aluminophosphate, in consistent
with the above NMR characterization. In addition, the broad stretch
bands (3000—3650 cm™!) of the hydroxyls gradually weaken with
time, suggesting the structure rearrangement and the condensa-
tion of hydroxyl groups occur during the progress of the crystalli-
zation. Another interesting phenomenon is that the band at
635 cm~! associated with the D6R units emerges even in the initial
gel. In combination with the above results, we speculate that the
D6R should originate from the semicrystalline layered phase [47].
To further confirm our speculation, FT-IR spectra of the washed
samples are also measured and shown in Fig. S2. It can be seen that
the band at 635 cm™! vanishes after washing, indicating that the
D6Rs are removed from the gel along with the dissolution of the
semicrystalline layered phase.

3.4. Crystallization of SAPO-34 under hydrothermal conditions

To better understand the aminothermal crystallization process,
we further investigate the hydrothermal crystallization process of
SAPO-34 with TEA as the template at 160 °C. The XRD patterns of

635
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2935 || ' |

1226

T ' T i T L T B T 4 T ’ T 1 T
4000 3500 3000 2500 2000 _ 1500 1000 500
Wavenumber (cm’)

Fig. 8. FT-IR spectra of the unwashed samples aminothermally synthesized with
different crystallization durations.
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the unwashed products from hydrothermal synthesis with dura-
tions from O to 48 h are given in Fig. S3. It can be seen that the
pattern of the unwashed initial gel is similar to that of pseudo-
boehmite, which differs obviously from the aminothermal syn-
thesis process where semicrystalline layered phase forms
immediately after the raw materials are mixed. Heating the gel for
18 h, several weak peaks together with broad reflections from
pseudoboehmite appear and become more obvious at 24 h, which
could be attributed to the formation of semicrystalline layered
phase. No reflections from SAPO-34 could be discerned at this time.
Clearly, the crystallization rate of SAPO-34 under hydrothermal
system is much slower than that of the aminothermal process.
Meanwhile, the solid yield of hydrothermal process after 48 h
(46.8%) is lower than that of the aminothermal process (90.4%).
Further prolonging the hydrothermal crystallization time to 96 h,
the solid yield doesn't increase much due to the large water amount
that causes the loss of inorganic sources and thus a lower yield.
Fig. 9 shows the 2’Al and 3'P spectra of the unwashed hydro-
thermal samples heated for 0 h and 18 h (designated as HT-0h (RT)
and HT-18 h). The corresponding spectra of the aminothermal
samples (designated as AT-Oh (RT) and AT-18 h) are also given to
facilitate comparison. The 2’Al spectrum of the initial hydrothermal
gel exhibits two peaks centered at 42.1 (weak) and 8.6 ppm
(strong), arising from the tetra- and penta-coordinated Al species,
respectively. As the crystallization time increases to 18 h, the peak
due to the tetrahedral Al species grows stronger, corresponding to
the formation of semicrystalline layered phase. However, the
amount of tetrahedral Al species in HT-18 h is even lower than in
the 0 h aminothermal sample. A similar phenomenon is also
observed for the 3'P spectra. The content of partially condensed P
atoms with signal at —19.3 ppm (P(OAl)x(OH)y, X < 4) in HT-18 h is
lower than that in AT-0h (RT). More than half of the P atoms in HT-
18 h sample exist in the form of amorphous aluminophosphate. The
above results confirm that the aminothermal environment could
promote the activation of Al source and its reactivity with P source.
UV Raman spectroscopy excited with 325 nm was employed to
probe the host-guest interactions between template and

framework [49]. The Raman bands in Fig. 10 have been well
assigned in the literature [34]: the band at 355 cm ™! corresponds to
the vibrational modes of isolated octahedral AlOg species origi-
nating from pseudoboehmite; the peak at 899 cm™! is assigned to
the symmetric stretching vibration of P(OH)s3 in phosphates; the
bands at 740, 1016, 1036 and 1071 cm™! are characteristics of the
protonated TEA template; the bands at 472 and 1121 cm™! are due
to the framework vibration of well-crystallized products.

The Raman spectrum of the initial hydrothermal sample shows
a strong band at 355 cm ! that decreases significantly in intensity
with the prolonged synthesis time. However, this band is very weak
in the spectrum of the initial aminothermal mixture. The result
further confirmed that alumina source is more reactive in the
aminothermal environment than that in hydrothermal environ-
ment [50]. The bands at 1016 and 1035 cm ™, which are assigned to
the stretching modes of the C—C bond of the three ethyl chains
attached to the protonated nitrogen atom of the amine, are present
in the spectra of all samples, suggesting that the amine has been
captured in the solids since the mixing of the initial gel. A previous
study has demonstrated that the intensity of these two bands are
sensitive to the surrounding environment and constrained TEA™"
ions would show a decreased intensity at 1016 and 1035 cm~ 132 On
the other hand, the band at 1071 cm™! arising from the vibration of
C—N of the template is less affected by the external environment.
This means that the intensity ratio of 1071 to 1016 (1035) cm™!
could be used to probe the local environment of the template (the
band at 1071 cm™! serves as an internal standard) [34]. Interest-
ingly, the spectra of all aminothermal samples exhibit an obvious
strong band at 1071 cm~! and two weak bands at 1016 and
1035 cm~!, while similar spectra are only observed for the hydro-
thermal samples with crystallization time of t > 24 h. These results
show that intense interactions between TEA™ ions and inorganic
species exist in the aminothermal samples, and an ordered struc-
ture with entrapped TEA™ ions was already formed at the initial
stage under the aminothermal environment. The result is consis-
tent with the XRD results and implies that the layered in-
termediates are organic-inorganic assembly.
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3.5. Crystallization mechanism of SAPO-34 under aminothermal
conditions

According to the above characterization, the aminothermal
crystallization process of SAPO-34 can be proposed and depicted in
Scheme 1. In the initial stage of crystallization, an AIPO prephase
that consists of semicrystalline layered structure held together by
weak nonbonding interactions forms immediately upon mixing Al
and P and Si sources as well as TEA. It is supposed that the intense
interactions between TEA™ and inorganic species under amino-
thermal environment facilitate the formation and assembly of the
layered phase, which further promotes the fast activation/depoly-
merization of Al source and thus the generation of large amount of
Al—O—P bonds. A previous study suggests that the layered phase
formed during the crystallization of SAPO-34 bears a resemblance
to the (001) face of SAPO-34 in that it contains titled D6Rs and the
DG6R is energetically stable to terminate the structure of SAPO-34 on
the (001) crystal surface [47]. Based on the above results, a possible
structure of the layer material is given in Fig. S4. As can be seen, the
structure consists of AIPO layers with D6R separated/stabilized by
TEA™, in which the Al species exist in tetrahedral form and Al(O-
P)4(H20)x(TEA)y (X +y = 2, x > 1), and P species exist as not fully
condensed P(OAl)x(OH)y (x + y = 4, X < 4). It is noted that the
lamellar structure is slightly variable as deduced from the slight
alteration of the XRD patterns of the layered phase over time.

Besides, small amount of unreacted alumina, amorphous AIPO and
SiO; coexist in the initial solid phase. Along with the crystallization,
SAPO-34 starts to emerge at 3 h though it is invisible for XRD. In
combination with the 2°Si spectra which show the formation of
Si(OAl)4 species in the early crystallization stage, we speculate that
Si directly participates in the formation of SAPO-34 framework.
Subsequently, the content of SAPO-34 in the solids increases and
becomes XRD detectable at 5 h. Its relative crystallinity rises with
time at the expense of layered phase. Considering the difference in
Si element between layered phase and SAPO-34, SAPO-34 may
nucleate from the rearrangement of the D6R in the semicrystalline
layered phase through bond breaking, reforming and Si incorpo-
ration. Since 24 h, the layered phase disappears and amorphous
material becomes less and less. The nutrition for the growth of
SAPO-34 (Al, P, and Si elements) should mainly come from the
liquid. The solid yield and crystallinity of SAPO-34 increase with
time until the end of the crystallization. Regarding the corre-
sponding hydrothermal process, the interaction between TEA™ ions
and inorganic species is relatively weak and the semicrystalline
layered structure is hardly formed until t > 18 h, which is possibly
due to the low stability of the layered structure in the hydrothermal
system with a large amount of water. Also, the semicrystalline
layered structure is not stable in the hydrothermal system with a
large amount of water. Therefore, the activation of alumina source
is slow and the nucleation induction period of the hydrothermal

Formation of
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TEA* and inorganic
species

Activation of
Al source
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Scheme 1. Illustration of the crystallization process of SAPO-34 under aminothermal conditions at 160 °C and its comparison with the crystallization under hydrothermal system.
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system is significantly prolonged and the crystallization process
slows down.

4. Conclusions

In this work, the aminothermal crystallization process of SAPO-
34 has been examined and compared with the hydrothermal pro-
cess. The results clearly show that the intense interactions between
TEA' and inorganic species under aminothermal environment
facilitate the formation and assembly of a AIPO layered phase,
which further accelerate the activation/depolymerization of Al
source and the generation of large amount of AI-O—P bonds. The
semicrystalline layered structure stabilized by TEA' is water-
soluble, which plays an essential role in the formation of SAPO-
34. SAPO-34 is likely to nucleate and grow from the rearrange-
ment of the D6R in the layered phase through bond breaking,
reforming and Si incorporation. The 2°Si spectra confirm that Si
directly incorporates into the framework in the initial crystalliza-
tion. At the latter stage of crystallization (t > 24 h), the nutrition for
the growth of SAPO-34, such as Al, P, and Si elements, mainly comes
from the liquid and finally a solid yield of 90.4% is achieved. For the
hydrothermal process, the interactions between TEA™ ions and
inorganic species are relatively weak and the formation of the
semicrystalline layered structure in the gel is difficult due to its low
stability in the water. As a consequence, the activation of alumina
source is slow and the formation of SAPO-34 is retarded, which
appears after 24 h and achieves a solid yield of 46.8% at 48 h.
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