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ABSTRACT: The hydrothermal crystallization of SAPO-3S molecular
sieve is examined in the present study. Many characterization methods
including XRD, SEM, XRF, XPS, EDS, and various solid-state NMR
techniques are applied to monitor the formation process of SAPO-35
and the development of the local environments of Si, P, and Al atoms
as a function of crystallization time. The results show that an
intermediate phase with ordered structure and AIPO compositions first
forms. Subsequently, SAPO-3S crystallizes at the expense of the
intermediate phase. Si takes part in the formation of SAPO-3S since the
initial crystallization. The Si concentration in SAPO-3S shows an
increasing trend with time, which leads to the change of both Si and Al
coordination environments. More information is obtained from two-
dimensional Al MQ MAS and *Al — 3P MQ-MAS HETCOR
NMR. Moreover, XPS analysis reveals the enrichment of Si on the
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crystal surface. On the basis of the characterization results, it is supposed that the distribution of Si in the SAPO-3S crystals is not
uniform, showing a gradual increase from the core to the external surface.

1. INTRODUCTION

In the 1980s, the scientists at Union Carbide Corporation
reported the synthesis of aluminophosphate (AIPO) and
silicoaluminophosphate (SAPO) molecular sieves.”” The
frameworks of AIPOs and SAPOs cover a range of different
structure types; some are analogous to certain zeolites such as
SAPO-35 (LEV structure), but a large number have unique
structures without analogous zeolite. Since the frameworks of
AIPO molecular sieves are neutral, they usually have no actual
catalytic activities. The substitution of silicon into the
framework of AIPOs, ie. SAPOs, results in the appearance of
acidity and leads to their catalytic application.””

Up to now, synthesis of novel molecular sieves is mainly
carried out by exploring synthetic parameters through trial and
error, though some progress has been made in the past decade.
Rational design and synthesis of molecular sieves with desired
framework topologies and properties are the ideal way, which
however requires a detailed understanding of the crystallization
mechanism involved during the synthesis.” Because molecular
sieves are usually prepared by hydrothermal method from an
amorphous gel containing organic amine as a structure-
directing agent (SDA), the coexistence of multiple-component
reactions and equilibrium in a heterogeneous environment
causes the process extremely complex and makes the study on
crystallization difficult. There exist two mechanisms regarding
the crystallization process.””® One is the solution-mediated
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transport mechanism involving dissolution of reagents followed
by transport mechanisms to the nucleation sites where the
crystal growth takes place, and another is the solid hydrogel
transformation mechanism involving reorganization of the solid
phase from amorphous components to crystalline. Cundy et al.
once reviewed the crystallization mechanism of hydrothermal
zeolite synthesis and claimed that the process can be most
adequately explained by a mechanism based upon the solution-
mediation mode, whether or not there is a visible liquid phase.®

Many attempts have been made to explore the crystallization
process of AIPO molecular sieves including AIPO-5,°'"
11,1218 -18,'® and -36."7 However, the research on SAPO
molecular sieve is mainly focused on SAPO-34, which is due to
its excellent catalytic performance in methanol-to-olefin
(MTO) reaction. Vistad et al. studied the hydrothermal
crystallization of SAPO-34 using morpholine as the template
in the presence of HFE."*">° They suggested that the gel first
dissolved into 4-rings (4R) units, further constituting a layered
intermediate (the prephase), and that the next steps were
redissolution, nucleation, and crystallization of the prephase in
different types of 4R building units. Huang and co-workers
reinvestigated the above synthetic process with several solid-
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state. NMR techniques and focused on probing the local
environments of P, Al, and Si as well as F~ in various solid
phases formed during the synthesis.*' Huang et al. also studied
that the crystallization of SAPO-34 by dry-gel conversion using
diethylamine as the template.”> SAPO-34 crystallized from a
semicrystalline precursor which had a layered structure held
together by weak nonbonding interactions. Our group has
reported the crystallization and Si incorporation mechanisms of
SAPO-34 hydrothermally synthesized with triethylamine as the
template, where the formation of SAPO-34 was ascribed to the
contribution of a gel conversion mechanism.”® Si directly
participated in the crystallization since the initial stage and
incorporated into the framework of SAPO-34 by SM2 (P
substitution by Si) and SM3 (pairs of Al and P substitution by
2Si) mechanisms. In the following study on the crystallization
process of SAPO-34 templated by diethylamine, we proposed a
model of nonuniform Si distribution in the crystals with the
increasing content from the core to the surface.”* No
semicrystalline precursor was observed during our investiga-
tions. From the above literatures, it can be seen that the
evolution of crystallization may vary with the synthetic methods
(hydrothermal synthesis or dry-gel conversion), even using the
same organic template and with the same product. This is also
supported by the crystallization of AIPO-11 synthesized with
two different methods conducted by the same group.'>'*
SAPO-3S is a small-pore molecular sieve with eight member
ring pore openings of 0.36 X 0.48 nm.”> The structure of
SAPO-35 is built by levyne cages, which are connected through
single six rings (S6R) and double six rings (D6R) (Scheme 1).

Scheme 1. Framework of SAPO-35
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There are two crystallographically distinct T sites in the
framework: one in a D6R and other in a S6R. The distribution
of these two sites is in the ratio of 2:1. Considering its
interesting structures, SAPO-35 has been explored as CO,
adsorbent and as catalyst for MTO reaction and methanol
amination.”® > Many research works have been reported about
the synthesis optimization of SAPO-35.°"*" In the present
work, we examine the crystallization process of SAPO-35 by
using hexamethylenimine as a template. Attention is also given
to the Si incorporation and Si distribution in the crystals. Many
characterization techniques are employed to follow the SAPO-
35 crystallization including XRD, SEM, XRF, XPS, EDS, and
various solid-state NMR methods.
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2. EXPERIMENTAL SECTION

2.1. Sample Preparation. SAPO-35 was hydrothermally
synthesized from a gel composition of 1.35 hexamethylenimine
(HMI):0.5 SiO,:1.0 Al,05:0.96 P,04:5SH,0. The reagents
used were pseudoboehmite (67.5% Al,O;), phosphoric acid
(85%), and silica sol (28% SiO,). Pseudoboehmite was added
to the diluted phosphoric acid solution and stirred for 2 h until
a uniform gel was obtained. Silica sol and the template HMI
were added successively to the gel, which was stirred for 1 h to
form a uniform reaction mixture. The gel was sealed in a 2 L
autoclave and heated from ambient temperature to 473 K
Crystallization was carried out under autogenic pressure with
stirring. The reaction mixture was withdrawn periodically from
the autoclave during the synthesis process. The schematic
diagram of synthesis apparatus is shown in Figure S1. The
crystallization time was recorded since the start of heating from
the room temperature. It took 0.95 and 1.25 h for the autoclave
to reach 423 and 473 K, respectively. The liquid phase was
separated from the solid phase by centrifugation. The wet solid
was divided into two parts. One part was dried in air at room
temperature. The other part was thoroughly washed with
distilled water and dried at 393 K. The mother liquids obtained
were evaporated at 393 K and then calcined at 923 K to
measure the solid content.

SAPO-5 was hydrothermally synthesized from a gel
composition of 1.2 triethylamine (TEA):0.4 SiO,:1.0
AL, O4:1.0 P,04:60H,0. SAPO-11 was prepared with initial
gel composition: 1.1 di-n-propylamine (DPA):0.4 SiO,:0.86
AL)O4:1.0 P,04:55H,0. SAPO-34-TEA was prepared using
TEA as template. The initial gel composition is 3.5TEA:0.3
§i0,:1.0 ALO,:1.0 P,04:55H, 0.

2.2. Characterization. The powder XRD patterns of
samples were collected on a PANalytical X’Pert PRO X-ray
diffractometer with Cu Ka radiation (4 = 0.154 06 nm). The
crystal morphology was characterized by scanning electron
microscope (S-3400N Hitachi). The chemical composition of
the samples was determined with a Philips Magix-601 X-ray
fluorescence (XRF) spectrometer, and some samples were also
analyzed by energy-dispersion X-ray spectrometer (EMAX
Energy X-Max HORIBA) attached to SEM. The pH value of
the synthetic gels was measured using a Mettler Toledo acid
meter (Seven). XPS measurements were performed on a
Thermo ESCALAB 250Xi spectrometer using Al Ka radiation
as the excitation source. Quantitative analysis of atomic ratios
was accomplished by determining the elemental areas of the
core-level peaks O 1s, Si 2p, Al 2p, and P 2p.

All the solid-state NMR experiments were performed on a
Bruker Avancelll 600 spectrometer equipped with a 14.1 T
wide-bore magnet. The resonance frequencies were 156.4,
242.9, and 119.2 MHz for ’Al, *'P, and *Si, respectively. 2’Al
and *'P MAS NMR experiments were performed on a 4 mm
MAS probe with a spinning rate of 13 kHz. Al MAS NMR
spectra were recorded using one pulse sequence. 200 scans
were accumulated with a 7/8 pulse width of 0.75 ys and a 2 s
recycle delay. Chemical shifts were referenced to (NH,)Al-
(SO,),'12H,0 at —0.4 ppm. *'P MAS NMR spectra were
recorded using high-power proton decoupling. 100 scans were
accumulated with a 7/4 pulse width of 2.25 ps and a 4 s recycle
delay. Chemical shifts were referenced to 85% H;PO, at 0 ppm.
¥Si MAS NMR spectra were recorded with a 7 mm MAS probe
with a spinning rate of S kHz using high-power proton
decoupling. 5000—6000 scans were accumulated with a 7/4
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Figure 1. XRD patterns of the unwashed (left) and washed (right) samples with different crystallization times.

pulse width of 2.5 ps and a 10 s recycle delay. Chemical shifts
were referenced to 4,4-dimethyl-4-silapentanesulfonate sodium
salt (DSS). '"H — 2’Si CP/MAS NMR experiment was carried
out with a contact time of 3 ms and a recycle delay of 2 s.

The two dimension (2D) *’Al MQ/MAS and *’Al — 3'P
MQ-MAS HETCOR NMR experiments were performed on a 4
mm triple-channel MAS probe at a spinning speed of 13 kHz.
Al 3Q MAS NMR experiments were performed using a three-
pulse sequence incorporating a z-filter.>" An rf field of 200 kHz
was used for the creation (0Q — +3Q) and the first conversion
(£3Q — 0Q) pulses. An 1f field of 10 kHz was used for the last
conversion step (0Q — +1Q), which was the central transition
selective soft 90° pulse. A two-dimensional (2D) Fourier
transformation followed by a shearing transformation gave a
pure absorption mode 2D contour plot.*' ~** The second-order
quadrupolar effect (SOQE) and isotropic chemical shift (5,)
values were calculated according to the procedures in ref 31.
The 2D Al — *'P MQ-MAS HETCOR NMR spectra
acquired using the sequence similar to ref 34. The preliminary
triple-quantum excitation and conversion in the *’Al — *'P
MQ-MAS HETCOR sequence were achieved with an 1f field of
200 kHz corresponding to pulse lengths of 5.2 and 1.7 us,
respectively. The cross-polarization part of the sequence was
carried out with an 3'P rf field of 21 kHz, an *’Al f field of 9
kHz, and a contact time of 3 ms. The spectra were acquired
with 4800 scans for each of 128 experiments incrementing t;.
The recycle delay of 0.2 s resulted in a total experimental time
of 34.1 h.

3. RESULTS AND DISCUSSION
3.1. XRD and SEM. The powder XRD patterns of the as-

synthesized samples with different crystallization times are
shown in Figure 1. For the unwashed samples, the pattern of
the sample heated for 0.95 h is similar to that of
pseudoboehmite, indicating that most of the Al source has
not reacted. After 1.25 h, though the broad reflections from
pseudoboehmite still exist, there appears an obvious peak at
6.2° together with several weak peaks at 7.4°, 7.7°, and 18—23°.
Upon washing, the peaks at 6.2° and 7.7° vanish completely,
and the remaining reflections can be indexed to AIPO-§
phase.'® The peaks that disappeared are possibly due to a
crystalline phase which has a layered structure held by weak
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bonding interactions.'>** Heating the gel for 2.25 h leads to the
disappearance of AIPO-5 and the increase in the intensity of the
peaks due to the layered phase. Meanwhile, there appear sharp
peaks corresponding to the reflections of SAPO-3S. Sub-
sequently, SAPO-35 increases at the expense of the layered
phase. After 3.75 h, only reflection peaks arising from SAPO-35
can be observed until the end of the crystallization.

The crystallization curve on the basis of relative crystallinity
of the washed samples is plotted in Figure S2. The relative
crystallinity rises with time and reaches 97% at t = 7.25 h.
Afterward, the crystallinity of SAPO-35 is kept at high level
with less change.

Figure 2 presents SEM images of the washed samples.
Amorphous particles are observed in the 1.25 h sample. After
heating for 2.25 h, large amount of rhombohedra crystals
appear at the expense of amorphous materials, suggesting the
crystallization of SAPO-35. Upon heating the gel for 7.25 h or
longer, amorphous phase is invisible and only crystals are
observed. Generally, SAPO-3S crystals grow larger and larger
with the process of crystallization. SEM image of the unwashed
sample with heating time of 2.25 h is also given in Figure 2.
Only amorphous materials and rhombohedra crystals due to
SAPO-35 are present in the image, indicating that the layered
phase has an amorphous morphology.

3.2. XRF. The chemical compositions of the washed samples
obtained by XRF are presented in Figure 3. The extremely high
content of Al at the initial stage indicates that the amorphous
materials observed by XRD and SEM are mainly from
unreacted alumina. A maximum of Al content appears at t =
1.25 h, whereas the contents of both P and Si show the lowest
values. This should be caused by the faster dissolution of P and
Si sources than Al source into the solution. Afterward, the
contents of P and Si in the samples rise with the rapid decrease
of Al content until 3.75 h. According to the XRD results, the
great change in elemental compositions of the samples during
this period is ascribed to the dissolution of amorphous alumina
and the formation of SAPO-35 involving the incorporation of
Al, P, and Si. After 3.75 h, the change of solid compositions of
the samples becomes much slow. Because the washed samples
only contain SAPO-35 crystals after 7.25 h as revealed by SEM
images, the XRF compositions of the washed samples are
directly related to the bulk composition of SAPO-35 during the
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Figure 2. SEM images of the as-synthesized samples with different
crystallization times. All samples are washed except 2.25h-U (the
unwashed 2.25 h sample).
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Figure 3. Chemical compositions of the unwashed (hollow) and
washed (solid) samples. The relative Si concentration in SAPO-3$
crystals is also shown in the figure (dotted line), which is defined as
("51/ nSi+Al+P)t/ ("51/ nSi+Al+P)25.25 he

period of 7.25-25.25 h. In addition, the relative Si
concentration in SAPO-35 crystals, defined as (ng/ng, anp)/
(ngi/Ngiralp)2s.25 b i also plotted in Figure 3. The value at 3.75
h is roughly calculated by assuming only SAPO-35 crystals
contained in the washed sample. Clearly, the Si content in
SAPO-35 grows with time to reach 100% at 19.25 h and keeps
unchanged until the end of the crystallization.

The XRF results of the unwashed samples are also shown in
Figure 3. Both the unwashed and washed samples show similar
trends in elemental compositions with the crystallization time.
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The differences between these two serial samples, especially
before 3.75 h, are possibly caused by the following reasons: (1)
the amorphous Al,O; in the solid samples which absorbs large
quantities of soluble P and Si sources; (2) the existence of
soluble layered phase.

3.3. Solid Contents and pH of the Mother Liquids.
Figure 4 gives the change of the solid contents and pH values of
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Figure 4. Solid content and pH value of mother liquids.

the mother liquids following the evolution of crystallization.
The solid content of the liquid shows an obvious volcano with a
maximum of 13 wt % at t = 1.25 h. Afterward, the solid content
drops with time and reaches a value of 3.3 wt % at the end of
crystallization. In combination with the results from XRD and
XREF, the appearance of the maximum in solid content at the
early stage is ascribed to the fast dissolution of sources into the
liquid, whereas the subsequent decrease mainly results from the
gradual formation of crystalline products.

The pH value of the mother liquid rises with time during the
whole crystallization. This should be caused by the con-
sumption of H;PO,, which reacts with Al,O; particles and
prompts the dissolution of Al source. Moreover, part of the
organic amine initially combined with H;PO, would be
gradually released following the progress of crystallization and
also contribute to the pH increase of the mother liquid.

3.4. NMR Characterization. To characterize the local
environments of P, Al, and Si atoms in the samples, solid-state
NMR experiments were performed. Figure S presents the *'P
MAS NMR spectra of the unwashed and washed samples. The
spectrum of the unwashed sample at ¢ = 0.95 h exhibits a broad
peak centered at around —8.1 ppm. This extreme broadness of
the peak reflects the amorphous nature of the gel sample as
shown in the XRD pattern. It is attributed to the P sites in the
amorphous aluminophosphate materials. For the unwashed
sample heated for 1.25 h, the broad peak becomes weak, and
there emerge a sharp peak at —18.9 ppm and a weak one at
—27.8 ppm. The sharp peak, disappearing after washing the
sample, is ascribed to the P species in the layered material. Its
narrow peak width indicates the ordered local environment
around P atom in the layered phase, though the P is not fully
condensed, as judging from its chemical shift."”> The peak at
—27.8 ppm corresponds to the P(OAl), species, resulting from
the formation of small amount of AIPO-5.” The P spectrum of
the unwashed sample heated for 2.25 h shows that the peak at
—27.8 ppm becomes intensified and one additional peak at —34

dx.doi.org/10.1021/jp311334q | J. Phys. Chem. C 2013, 117, 4048—4056
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Figure 6. Al MAS NMR spectra of the unwashed (left) and washed (right) samples.

ppm appears. In combination with the XRD results, these two
peaks are attributed to the P(OAl), species in the framework of
SAPO-35 with two different crystallographical T sites.> The
deconvoluted analysis of the spectrum of the washed sample
shows that the two sites have a ratio of Pry_y7s ppm)/
Pry(—34 ppm) = 1.92, close to the theoretical value of 2. For
the unwashed sample of 3.75 h, the intensity of the peaks due
to SAPO-3S5 increases at the expense of the signals at —8.1 and
—18.9 ppm, implying the decreasing amount of amorphous
material and layered phase in the solid. A weak resonance due
to the amorphous P species is still apparent in the spectrum of
the unwashed 25.25 h sample, which should be from the
mother liquid contained in the sample. Upon washing, only the
P species from SAPO-35 are observed since 3.75 h. Overall, the
changes in the P environments are parallel to these obtained in
the XRD.

The ’Al MAS NMR spectra are shown in Figure 6. The
spectrum of the unwashed sample at 0.95 h exhibits three peaks
at 44.2 (weak), 9.1 (strong), and —6.9 ppm (weak). The strong
peak at 9.1 ppm should be due to the large amount of
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unreacted alumina source. The peaks at 44.2 and —6.9 ppm are
ascribed to the tetrahedral Al and the octahedral Al with an
Al(OP),(OH), environment in the AIPO-based materials,
respectively.'> Both peaks become weak in the spectrum of
the washed sample, indicating the solubility of two Al species.
For the unwashed sample heating for 2.25 h, the peak at 44.2
ppm shifts to higher field and grows intensely together with the
emergence of a shoulder at 33.2 ppm, whereas the intensities of
the other two signals greatly decrease. Less change in the
spectrum occurs after washing the sample except the sharpness
of the peak at 41.3 ppm. It is not apparent from the spectrum if
the two peaks at ca. 41 and 33 ppm originate from tetrahedral
Al species in SAPO-35 with the crystallographic non-
equivalence or a combination of Al species from SAPO-35
and the layered phase. Heating the gel for 3.75 h or longer
results in the gradual increase of the shoulder signal, which can
be seen more clearly in the spectra of the washed samples. One
broad and asymmetric peak centered at ca. 37 ppm arising from
SAPO-3S is observed in the spectrum of the 2525 h sample
together with a weak signal at 9.1 ppm. This weak signal

dx.doi.org/10.1021/jp311334q | J. Phys. Chem. C 2013, 117, 4048—4056
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Figure 8. Al MQ MAS NMR spectra of the unwashed samples. Spinning sideband is denoted with an asterisk.

disappears after calcining the sample (Figure 6, 25.25h-cal) and
therefore corresponds to the pentacoordinated Al species in
SAPO-3S. However, because SAPO-35 is the unique crystalline
product in the washed samples since 2.25 h, it is unclear why
the relative intensities of the peaks due to the tetracoordinated
Al in SAPO-35 show obvious change with the crystallization
time. Further study is needed to resolve the complicated Al
peaks.

The *°Si MAS NMR spectra of selected samples are obtained
to follow the Si incorporation during the crystallization (Figure
7). One broad resonance centered at —111.3 ppm is observed
in the spectrum of the unwashed 0.95 h sample, which can be
assigned to amorphous Si with Si(OSi), environments.””
Several small peaks (—83 to —97 ppm) start to emerge after
heating the gel for 1.25 h. The '"H — *Si CP MAS NMR of
this sample is carried out to clarify the origin of these
resonances. As shown in Figure 7 (1.25h-CP), the peak at ca.
—97.0 ppm becomes dominant together with two shoulders at
—110 and —84.2 ppm. The weak CP signal arising from
amorphous silica is consistent with that this species contains
less silanol groups. According to the literature,”>® the signal at
—97.0 ppm corresponds to Si(OSi),(OH), or Si(OSi),(OAl)-
(OH) and the signal at —84.2 ppm should arise from
Si(OAl);(OH) or Si(OSi)(OAl),(OH) environments, indicat-
ing the existence of amorphous aluminosilicate species and
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silica species with low polymerization degree in the sample. The
protons on the silanol groups are the reason that the intensities
of these Si signals are enhanced in the CP spectrum. Heating
the gel for 2.25 h yields two sharp peaks centered at —89.7 and
—95.5 ppm besides the resonance at —109 ppm. The
appearance of the two signals, which remain after washing,
agrees with the crystallization of SAPO-3$ as revealed by XRD
and SEM. They are assigned to the Sip;(OAl), and Sir,(OAl),
species in the framework of SAPO-35, respectively.”> Moreover,
these results also imply that the layered phase is mainly AIPO in
nature, which contains less Si in the framework. In order to
clearly observe the Si incorporation and avoid the disturbing of
amorphous Si, Si spectra of the washed samples are recorded
since the formation of SAPO-35. It can be seen that only signals
arising from Si(OAl), of SAPO-3S exist in the spectrum of the
washed 3.75 h sample. A new weak peak at —100.6 ppm
emerges at 7.25 h, which corresponds to the formation of 5Si
islands in the framework.>”*® At the end of crystallization, more
signals appear in the spectrum, suggesting the generation of 8Si
or larger islands. The change in Si environments is consistent
with the increasing Si content in the samples with time as
shown in XRF. However, an exact assignment of these
resonances is difficult due to the existence of two T sites in
the framework.>

dx.doi.org/10.1021/jp311334q | J. Phys. Chem. C 2013, 117, 4048—4056
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Figure 9. Al — 3'P MQ-MAS HETCOR spectra of the unwashed samples.

3.5. Al MQ MAS NMR and ?Al — 3P MQ-MAS
HETCOR NMR. The 2D multiquantum (MQ) MAS NMR
technique can effectively refocus the second-order anisotropic
broadening and give isotropic spectra along the F1 dimension,
whereas the F2 dimension exhibits the normal second-order
quadrupolar line shapes. The ?Al MQ MAS spectra of three
selected samples are illustrated in Figure 8. The detailed
isotropic shifts and second-order quadrupolar effect parameter
(SOQE) of each signal in the spectra are shown in Table SI.
Four signals labeled as A, B, C, and D are observed in the
spectra of 3.75 and 25.25 h samples, whereas three signals for
the 2.25 h sample. For all three spectra, signal A has an
isotropic shift of ~10.6 ppm due to pentacoordinated Al species
in the sample; signals B, C, and D, arising from tetrahedral Al
with different environments, show gradually increasing
isotropic shifts and SOQE values, except the close SOQE for
B and C in the spectrum of the 2.25 h sample. Normally, for
SAPO molecular sieves, the increase of SOQE reflects the
decreasing symmetry around tetrahedral Al atoms in the
framework, which results from the gradual substitution of P by
Si in the second coordination sphere of AL***® However, the
existence of two T sites in the framework of SAPO-35 makes
the assignment of signals B—D complex.

The Al — *'P MQ-MAS HETCOR spectra are further
performed to obtain the detailed information on the
connectivity between Al and P atoms, which would be helpful
to make a clear assignment of signals in the Al spectra (Figure
9). Because CP process is sensitive to the internuclear distance,
only the *'P nuclei that are in the close vicinity of Al atoms will
be detected. In the present study, isotropic dimension in the
*’Al MQ MAS is used to do the two-dimensional experiment
due to its better resolution for Al species.** For the 25.25 h
unwashed sample, the P projection contains two resonances at
—27 (Pr,) and —33 ppm (Pr,), corresponding to those seen in
the *'P MAS spectrum. Both Pr; and Py, sites correlate with
two tetrahedral Al sites (37 and 44 ppm) in the Al projection,
and a very strong correlation is observed between P, and the
Al site at 44 ppm. According to the topology of LEV, the
second coordination spheres of the two nonequivalent P sites
can be expressed as Pr; (3Alyy, 1Alp,) and P, (2Algy, 2Al,),
respectively. Therefore, the resonances at 37.3 and 44.3 ppm in
the Al projection, corresponding to the signals B and C in the
Al MQ MAS, are ascribed to Aly, and Aly, sites in the
framework, respectively. The weak resonance at 54.6 ppm
corresponding to signal D in the *’Al MQ MAS does not
appear in the Al projection. Considering its high isotropic shift
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and large SOQE, the signal D is attributed to the tetrahedral Al
with more connectivity with Si in the second coordination
sphere, though its crystallographic position is not clear. A
similar correlation map between P and Al atoms is found for
the 3.75 h sample. The HETCOR spectrum of the 2.25 h
sample shows three peaks at —19, —27 (Pr;), and —33 ppm
(Pp,) in the P projection. The P site centered at —19 ppm
correlates with the tetrahedral Al at 45 ppm, which corresponds
to the signal at ~41 ppm in the 1D spectrum. This indicates
that the layered phase consists of tetrahedral P and Al Part of
correlations between P and Al sites of the SAPO-35 framework
do not appear in the 2.25 h spectrum due to the low amount of
SAPO-35 in the sample of this moment.

On the basis of the above results, the signals B, C, and D in
the Al MQ NMR spectra are assigned to Aly,(OP),(OSi) 4,
(n 4 or 3), Al (OP),(0Si)y_py (n 4 or 3), and
Al(OP),(OSi)(4—,) (n = 0—2) (Table S1). Moreover, because
the Si content in SAPO-35 gradually increases and the Si
environment becomes complex with time, it is speculated that
the percentage of signal D in B—D rises following the evolution
of crystallization, which thus causes the change of the peak
shape of the tetracoordinated Al in the *’Al NMR spectra.

3.6. Crystallization Process. According to the above
characterization results, the crystallization process of SAPO-35
can be pictured (Scheme 2). In the initial stage of crystallization
(t £ 095 h), part of P, Si, and Al sources dissolve into the
liquid, and the solid is composed of small amount of
amorphous AIPOs and unreacted alumina and silica. A
crystalline material with layered phase and AIPO compositions
appears after heating the gel for 1.25 h. SAPO-35 is observed in

Scheme 2. Illustration of the Crystallization Process of
SAPO-35

Initial stage Intermediate phase
AlIPIS| resources Al(OP), &=~41 ppm
Amorphous AIPOs P(OAI);(OH) & =-19 ppm
Dissolves and
contributes to the
formation of SAPO-35
SAPO-35 crystals
™o T2 SAPO-35 crystals
RPRPM__ ppm -
Al(OP), Incraasing Con.lplex Si and Al
Al(OP)(OSi) ~40 ~35 Sicontent | 8NVironments
P(OAI), -27.8 -34 and solid Increasing Si content from
Si(OAl), -89.7 955 vield the core to the shell
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the 2.25 h sample. Subsequently, the relative crystallinity of
SAPO-3S rises with time at the expense of layered phase. At
725 h, both the layered phase and amorphous materials
disappear, and the product becomes pure SAPO-35 crystals.
Considering the good crystallinity of the layered phase and the
difference in Si content between layered phase and SAPO-35, it
is supposed that the layered phase dissolves into the liquid and
further contributes to the formation of SAPO-3S. The nutrition
for the growth of SAPO-35, such as Al, P, and Si elements,
comes from the liquid. The solid yield of SAPO-3$ increases
with time until the end of the crystallization.

3.7. Si Incorporation Mechanism and Si Distribution
in the Crystals. The results of 2°Si, >’Al, *'P NMR, and XRF
imply that Si directly participates in the formation of the
framework of SAPO-35 since the initial crystallization. Si
substitutes for P first to generate the Si(OAl), environment
(SM II), and then a combination of SM II and SM III (2Si for
the pairs of P and Al) mechanisms leads to the formation of Si
islands in SAPO-3$ crystals.

XPS experiment is performed to study the surface
composition of SAPO-3$ crystals (the washed 25.25 h sample).
The result is shown in Table 1. Clearly, the Si content on the

Table 1. Bulk and Surface Compositions of SAPO Molecular
Sieves

elemental composition (mol %)

sample XRF XPS Sigurface/ Sibulk
SAPO-11 Sip 04sAlo.498Po.ass Sig224Al0.462P0 314 4.98
SAPO-5 Sig.073Alo 488Po.439 Sig.1s5Alo 420Po0 424 2.12
SAPO-34-TEA SiposoAlo.asePo3s Sig206Al0.453P0341 2.58
SAPO-34-DEA” Sig.164Al0.478P0.358 Sig231Al0 440P0.320 141
SAPO-35-25.25h  Sig122AL485P0.390 Sio 187A10.478P0 335 153
Sig1aoAlosroPossi”  SioassAloasiPosss”
Sigiss8loarPosn”  SiorssAloassPosss”
SAPO-35-2.25h Sig 09sAlo 496P 0.405: 510.101A10.434Po,415:

Si0,106A10,481P0.413 Si0,100A10,49ZP0.408
“Data from ref 24. SAPO-34-DEA was synthesized with DEA as
template. “Elemental compositions of SAPO-35 crystals from EDS
analysis. Data of samples at each crystallization time were obtained
from randomly selected four crystals.

surface is higher than that in the bulk, indicating the
enrichment of Si on the crystal surface. The elemental
composition of SAPO-35 is also investigated by SEM-EDS
(Table 1). Similar surface compositions are found among
crystals of one sample, and the Si content on the surface of
SAPO-3S increases with time, which is consistent with the XRF
results. The increasing Si concentration in SAPO-35 should be
related to the pH increase of the synthetic gel following the
crystallization, which facilitates the depolarization of colloid
silica and promotes the incorporation degree of Si into the
framework.

On the basis of the information from XRF, XPS, and SEM-
EDS, it is proposed that the distribution of Si in the crystal is
not uniform, showing a gradual increase from the core to the
external surface. This means that the local environments of Si
atoms in the crystals with higher Si content are also not
homogeneous: Si (4Al) in the crystal center and coexistence of
multiple Si(OAl), (n = 0—4) environments at the edge of the
crystal. This is similar to what we have found in SAPO-34
crystals templated by diethylamine.>* Moreover, the increase of
solid yields and the heterogeneity of crystal sizes shown by
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SEM suggest the occurrence of secondary nucleation during the
crystallization process. The newly formed crystals, possessing
higher Si content in the core as compared with that of the
original crystals, also have an increasing Si content from the
core to the surface.

Considering that pH value normally shows an increasing
trend in the hydrothermal synthesis of SAPO molecular
sieves,”>*"** the nonuniform distribution of Si in the crystals
is possibly a common feature for SAPO molecular sieves.
Therefore, several SAPO molecular sieves are hydrothermally
synthesized and characterized by XPS (Table 1). It is found
that all samples exhibit the Si enrichment phenomenon on the
crystal surface, supporting the speculation well. Interestingly,
SAPO-11 shows a relatively high ratio of Siggee t0 Sipyp
implying that the core of the SAPO-11 crystals is much
deficient in Si. This should be related to its specific framework
topology besides the influence of pH value of the synthetic gel.

4. CONCLUSIONS

The crystallization process of SAPO-35 has been investigated in
detail. An intermediate phase with ordered structure and AIPO
compositions crystallizes first and then coexists with SAPO-35
at the crystallization period of t < 3.75 h. Subsequently, the
intermediate phase gradually dissolves and the product
becomes pure SAPO-35 crystals since 7.25 h. The nutrition
for the growth of SAPO-35, such as Al, P, and Si elements,
comes from the liquid. Si directly participates in the formation
of SAPO-35 in the initial crystallization. The Si concentration
in SAPO-3S rises with time due to the pH increase of the
synthetic gel, which promotes the dissolution of silica source
and improves the Si incorporation into the framework. Multiple
Si environments appear in the framework of SAPO-35 with a
higher Si content. The coordination environment of Al atom is
also modified by the increasing Si content. The concentration
of Al(OP),(0Si)_,y (n = 0—2) species in SAPO-35 rises at
the expense of Al(OP),(OSi),_,) (n =4 or 3) and thus causes
an obvious change in the Al spectra. In addition, there exists a
Si enrichment phenomenon on the surface of SAPO-35. The
distribution of Si in the SAPO-35 crystals is not homogeneous,
rising gradually from the core to the surface. Further study
indicates that the nonuniform distribution of Si in the crystals is
possibly a common feature for the SAPO molecular sieves
synthesized by the hydrothermal method.
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