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Study of crystallization process of SAPO-11 molecular sieve
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The crystallization process of SAPO-11 was studied using a combination of X-ray diffraction, scan-
ning electron microscopy, X-ray fluorescence, nuclear magnetic resonance, and X-ray photoelectron
spectroscopy. In the initial stage of crystallization, SAPO-11 was formed along with an unknown
crystalline material composed of Si-P-Al. As crystallization evolved, the crystalline material dis-
solved. The SAPO-11 formation rate increased greatly, which is characteristic of fast crystallization.
After 2.33 h, the relative crystallinity of SAPO-11 reached ~100% and remained at a high level until
crystallization was complete. Si was incorporated into the SAPO-11 framework from the initial stage
of crystallization. The Si content of the solid samples increased with crystallization time. Most of the
Si atoms existed as Si islands in the SAPO-11 framework, resulting in the presence of multiple coor-
dination environments, i.e.,, Si(nAl, (4 - n)Si), n = 0-4. X-ray photoelectron spectroscopy analysis
revealed Si enrichment on the external surfaces of the SAPO-11 crystals. Based on the experimental
results, the distribution of Si in the crystals is not uniform, showing an increasing trend from the
core to the surface.
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1. Introduction

The first synthesis of silicoaluminophosphate molecular
sieves (SAPO-n) was reported by the Union Carbide Corpora-
tion in the 1980s [1]. SAPO-11 is one of the most important
members of the SAPO family. It consists of elliptical,
one-dimensional, 10-membered-ring channels with a pore
opening of 0.40 nm x 0.65 nm [2]. SAPO-11 molecular sieve has
outstanding thermal and hydrothermal stabilities, and has
played an important role in petrochemical processes, such as
isomerization, catalytic cracking, hydrocracking, and isode-
waxing [3,4]. It is worth pointing out that SAPO-11 exhibits
excellent catalytic reactivity in the isodewaxing of lubricant
oils, which is already used in industry [5].

SAPO-11 molecular sieve is mainly synthesized using hy-
drothermal methods, and detailed studies of SAPO-11 synthesis

have been carried out by many researchers. Wang et al. [6]
investigated the effects of the Si source, Si content, amount of
template, and crystallization conditions (temperature, time and
pH) on SAPO-11 synthesis. They found that the Si source is one
of the main factors affecting the synthesis and structure of
SAPO-11. Liu et al. [7] used di-n-propylamine (DPA), diisoprop-
ylamine, or a mixture of these as templates for synthesizing
SAPO-11. They found that the impurities that appeared in the
synthesis using a single template can be effectively avoided by
using a dual-template method. Liu et al. [8] studied the effect of
the synthesis conditions on the distribution of Si in the frame-
work of SAPO-11 molecular sieve. Prolonging the crystalliza-
tion time, raising the temperature, lowing the Si/Al ratio, and
controlling the pH of the initial gels promote uniform distribu-
tion of Si in the framework. They obtained SAPO-11 molecular
sieve with highly dispersed Si. Zhang et al. [9] investigated the
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synthesis and characterization of SAPO-11 molecular sieve in
the presence of hydrofluoric acid (HF). Compared with the
synthesis in the absence of HF, adding HF increases the crystal-
lization rate and crystallinity of SAPO-11 molecular sieve. Mi-
crowave synthesis [10], solvothermal synthesis [11], and
dry-gel methods [12,13] have also been reported for the syn-
thesis of SAPO-11 molecular sieve.

Huang et al. [12] used solid-state nuclear magnetic reso-
nance (NMR) spectroscopy and other methods to study the
crystallization process of AIPO-11 synthesized by dry-gel con-
version. They found that the initial amorphous material is first
converted to a semicrystalline intermediate  with
10-membered-ring channels. As the crystallization proceeds,
the intermediate is transformed into AIPO-11. They also used
170 NMR spectroscopy to investigate the effect of water on the
AlIPO-11 crystallization process during dry-gel conversion. Di-
rect evidence of the involvement of water in molecular sieve
crystallization was obtained [14]. Zhang et al. [15] studied the
influence of water content on the hydrothermal crystallization
of AIPO-11, using ultraviolet (UV), Raman, X-ray diffraction
(XRD), and NMR characterization methods. They proposed
possible intermediate fragments in the crystallization process
of AIPO-11, based on a combination of their experimental re-
sults and theoretical computations [16]. So far, there have been
few detailed studies of the crystallization process of SAPO-11.
The crystallization process of SAPO-11 might be different from
that of AIPO-11 because of the presence of Si. However, it is
very important to determine the status and distribution of Si in
SAPO-11 with increasing crystallization time because the in-
corporation of Si into the molecular sieve framework generates
acidic centers with catalytic properties. Studies of the crystalli-
zation process of SAPO-11 can improve understanding of the
crystallization mechanism. They will also be helpful in effec-
tively controlling SAPO-11 synthesis.

In this paper, SAPO-11 molecular sieve was synthesized us-
ing a hydrothermal method in a 2-L autoclave with a sampling
pipeline. The samples obtained at different times were charac-
terized by XRD, X-ray fluorescence spectroscopy (XRF), scan-
ning electron microscopy (SEM), magic-angle spinning (MAS)
NMR, and X-ray photoelectron spectroscopy (XPS) methods.
Some new insights into the crystallization process of SAPO-11
molecular sieves were obtained.

2. Experimental
2.1. Preparation of SAPO-11 molecular sieve

In all syntheses, pseudoboehmite (Al203, 67 wt%), silica sol
(Si0z, 27.5 wt%), and phosphoric acid (85 wt%) were used as
sources of Al, Si, and P, respectively. The template was DPA
(chemically pure). The initial gel was prepared by mixing all the
raw materials in a molar composition of 1.1 DPA:0.4 Si02:0.86
Al203:1 P20s5:55 H20. The mixture was transferred into a 2-L
stainless-steel autoclave, and the autoclave was sealed. The
temperature was gradually raised to 200 °C, with continuous
stirring, and kept stable for crystallization. The crystallization
time was recorded from the start of heating. Liquid samples

were removed at different times. At sampling times of 0.75 and
1.22 h, the corresponding temperatures were 100 and 150 °C,
respectively. After 1.83 h, the temperature reached 200 °C and
was then kept constant. The liquid samples were cooled to
room temperature. The liquid phase was separated from the
solids by centrifugation. The solid materials were washed with
water and then dried at 120 °C.

2.2. Preparation of other SAPO molecular sieves

Triethylamine (TEA) was used as a template for the synthe-
sis of SAPO-5. The initial gel composition was 1.2 TEA:0.4
SiO2:1 Al203:1 P205:60 H20. SAPO-5 was crystallized at 200 °C
for 17 h.

In a similar procedure, SAPO-34 was synthesized using TEA
as the template. The initial gel composition was 3.5 TEA:0.3
SiO2:1 Al203:1 P20s:55 H20. SAPO-34 was crystallized at 200 °C
for 48 h. The sample was labeled SAPO-34-TEA.

SAPO-35 was synthesized using hexamethyleneimine (HMI)
as the template. The initial gel composition was 1.33 HMI:0.5
Si02:1 Al203:0.96 P20s:55 H20. SAPO-35 was crystallized at 200
°C for 24 h.

2.3. Characterization

Powder XRD patterns were recorded on a PANalytical X'Pert
PRO X-ray diffractometer, using Cu K, (4= 0.15418 nm) radia-
tion at 40 kV and 40 mA. Element analysis was performed us-
ing a Philips Magix 2424X XRF spectrometer. The morphologies
of samples were examined by SEM, using a KYKY-AMRAY-
1000B instrument (CAS Scientific Instrument Company). Sol-
id-state NMR spectra were recorded on a Bruker Avancelll 600
spectrometer. The resonance frequencies of 29Si, 27Al, and 31P
were 119.2, 156.4, and 242.9 MHz, respectively. 29Si MAS NMR
spectra were acquired using a 7-mm probe with proton decou-
pling; 2.5 ps, corresponding to a n/4 pulse length, was applied,
with a 10-s delay and a rotor spinning rate of 5 kHz
4,4-Dimethyl-4-silapentane-1-sulfonic acid was used as the
chemical shift reference. 27Al MAS NMR spectra were recorded
using a 4-mm probe with a /8 pulse length of 0.75 ps, a 2-s
delay, and a rotor spinning rate of 13 kHz. NH4AI(S04)2:12H20
was used as a secondary chemical shift reference (da = -0.4).
31P MAS NMR spectra were measured using a 4-mm probe with
high-power proton decoupling at a spinning speed of 10 kHz. A
n/4 pulse strength of 2.25 ps was used with a delay of 4 s. The
chemical shift of 31P was referenced to 85% phosphoric acid
aqueous solution. XPS measurements were performed using a
Thermo ESCALAB 250Xi spectrometer with Al K, radiation as
the excitation source. The surface charge of the sample was
calibrated by referencing to the Al 2p peak of Al203 at 74.7 eV.

3. Results and discussion
3.1. XRD

Figure 1 shows the XRD patterns of as-synthesized samples
with different crystallization time. In the initial crystallization
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Fig. 1. XRD patterns of as-synthesized samples with different crystalli-

zation time.

stage (0.75 h), the solid sample was mainly composed of
amorphous boehmite because of the short crystallization time
and low temperature [17]. However, a weak peak at 8° can be
found in the XRD pattern, indicating the appearance of a small
amount of crystalline material in the system. After 1.22 h, the
typical diffraction peaks of SAPO-11 molecular sieve, at 8.1°,
9.5°,13.2° 15.7°, and 21°, were detected, implying formation of
the SAPO-11 crystalline phase. There were two obvious peaks,
at 5.4° and 10.8°, which were not diffraction peaks of SAPO-11.
Based on the peak positions, these might be from a layered
crystalline phase. These two peaks disappeared after the tem-
perature reached 200 °C (¢t = 1.83 h). Pure SAPO-11 molecular
sieve was then obtained.

Based on an intensity summary of the six strongest peaks in
the XRD patterns of SAPO-11, the relative crystallinity of the
sample at different crystallization times was calculated (the
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Fig. 2. Crystallization curve of SAPO-11.

crystallinity of the sample at 17.83 h was defined as 100%).
The crystallization curve for SAPO-11 is shown in Fig. 2. Before
2.33 h, the relative crystallinity increased sharply with in-
creasing crystallization time. At 1.83 h, the relative crystallinity
of the sample reached 81%. This is close to 100%, the value ata
crystallization time of 2.33 h. The relative crystallinity later
fluctuated within a certain range (> 90%). These results indi-
cated fast crystallization of SAPO-11 molecular sieve.

3.2. SEM

Figure 3 shows the SEM images of as-synthesized samples
with different crystallization times. At 0.75 h, only amorphous
material appeared in the solid sample. For a crystallization time
of 1.22 h, some spherical aggregates of SAPO-11 were ob-
served. In addition, there was a small amount of strip crystals.
As the crystallization time increased, the amount of amorphous
materials gradually decreased. At 1.83 h, the strip crystals to-
tally disappeared, and the amount of spherical aggregation
increased significantly. The morphology of the solid sample
then remained almost unchanged with time.

1.83h 2.33h

7.83h 17.83h

Fig. 3. SEM images of as-synthesized samples with different crystallization time.
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Fig. 4. Chemical compositions of as-synthesized samples with different
crystallization time.

3.3. XRF

The chemical compositions of the as-synthesized samples
were obtained using XRF. Figure 4 shows the changes in the
relative molar contents of P, Al, and Si in the solid samples at
different crystallization time. In the initial stage of crystalliza-
tion (before 1.83 h), the P content of the solid samples in-
creased significantly (from 26.14% at 0.75 h to 47.89% at 1.83
h), but that of Al decreased rapidly (from 71.9% at 0.75 h to
50.05% at 1.83 h). This indicates that Al species from the raw
materials continued to dissolve into the liquid phase with time,
and the amorphous materials observed by SEM in the early
crystallization period should be mainly from unreacted alumi-
na. As the crystallization time increased, the Al content of the
solid samples was stable at 50%, the P content showed a weak
downward trend, and the content of Si increased correspond-
ingly. The sum of the numbers of moles of Si and P remained
around 50%, close to that of Al It is worth noting that the Si
content of the sample at 1.22 h showed a maximum value. In
addition, comparing the sample at 1.83 h with the final product
shows that the change in the relative molar content of Si was
larger than those of P and Al. The content of Si in the sample at
1.83 h was 2.06%. This increased 1.26-fold to 4.66% at 17.83 h.

3.4. Crystallization solution pH

The pH of the crystallization solution is closely related to the
status of all the raw materials under the synthesis conditions.
Before 2.33 h, the pH of the crystallization solution increased
significantly with increasing crystallization time (shown in Fig.
5). After that, there were only small changes in the pH. Consid-
ering the above results, we concluded that the rapid increase in
the pH of the solution during the initial crystallization period,
up to 2.33 h, was caused by consumption of phosphoric acid
and aluminum oxide in the reaction. Correspondingly, a large
amount of molecular sieves were synthesized. In addition, as
the P content of the solution decreased, the organic amine that
combined with phosphoric acid in the initial stage was gradu-
ally released, which also resulted in an increase in the pH. After
2.33 h, the pH of the crystallization solution remained almost
unchanged.
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Fig. 5. pH values of crystallization solutions at different crystallization
time.

3.5. Solid-state MAS NMR

31P and 27Al MAS NMR spectra of the as-synthesized samples
at different crystallization time are shown in Fig. 6 respectively.
Only one broad peak, at § = -16, is observed in the 31P MAS
NMR spectrum of the sample at 0.75 h. This peak can be as-
signed to P(OH)x[OAl(tet]y[OAl(oct)]4-(x+y) (x = 1, 2) species in the
amorphous aluminophosphate phase [18]. Correspondingly,
there are two resonance peaks in the 27Al MAS NMR spectrum
of the sample, which are related to five-coordinated (6 = 8) and
six-coordinated (6 = -12) Al species in the amorphous Al
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Fig. 6. 3P MAS NMR (a) and 2’Al MAS NMR (b) spectra of
as-synthesized samples.
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source and amorphous aluminophosphate, respectively
[11,19,20]. After 1.22 h, the broad peak in the 31P MAS NMR
spectrum almost disappeared, indicating that there was a
smaller amount of amorphous aluminophosphate left in the
sample. At the same time, several relatively sharp peaks at § =
-24, -28.4, and -33.6 appeared in the spectrum, arising from
highly crystalline four-coordinated P species in the alumino-
phosphate [12,18]. This demonstrates that the P species in the
solid samples were highly condensed and the P atoms had
complex coordination environments. In addition, obvious
changes can be observed in the 27Al MAS NMR spectrum. A
strong asymmetric resonance appeared at § = 38.8. The inten-
sity of the peak at § = 8 became weak. Generally, the chemical
shifts of tetrahedral Al species in microporous aluminophos-
phate materials are in the range § = 35-48 [21]. The new reso-
nance at § = 38.8 in the sample at 1.22 h is therefore assigned
to four-coordinated Al species. The weakening of the peak at 8
ppm indicates that the content of amorphous Al source in the
solid samples was decreasing, which is in agreement with the
XRF results. It is worth pointing out that the intensity of the
peak at 6 = -12, from six-coordinated Al species, did not de-
crease with dissolution of amorphous aluminophosphate and
the Al source, from which it can be deduced that newly formed
Al species contribute to the same chemical shift at § = -12. The
31P and 27Al MAS NMR spectra of the samples were almost un-
changed after crystallization for 1.83 h or longer. The reso-
nance at § = —32 (including the shoulder at § = -26) in the 31P
MAS NMR spectrum is attributed to tetrahedrally coordinated P
species in the SAPO-11 framework [12,20]. The peaks at § = 37
and 8 in the 27Al MAS NMR spectrum are from four-coordinated
and five-coordinated Al species in the framework of the molec-
ular sieves [12,17]. These results suggest that the crystalliza-
tion of SAPO-11 was almost complete, and are consistent with
the XDR, SEM, and XRF results.

Comparing the spectra of the samples in the late period of
crystallization suggests that the peak at § = =12 in the 27Al MAS
NMR spectrum of the sample at 1.22 h, from octahedral Al spe-
cies, should be related to the crystalline intermediate phase. As
well as tetrahedral Al species (6 = 37) in SAPO-11, the asym-
metric resonance at § = 38.8 in the 27Al MAS NMR spectrum is
also attributed to Al species in the intermediate phase. Corre-
spondingly, several peaks in the 31P MAS NMR spectrum are
also correlated with the intermediate phase. These results
demonstrate that the coordination environments of the Al and
P species in the intermediate phase are very complex.

Figure 7(a) presents the 29Si MAS NMR spectra of solid sam-
ples at different crystallization times. The spectra of all the
samples show a similar broad resonance. Comparing the spec-
tra of the samples at different times, we found that the relative
intensity of the peak at § = =109 in the spectrum of the sample
at 1.22 h was higher than those of the other samples. Reports in
the literature [2,22-24] show that Si atoms can exist as Si(nAl,
(4 - n)Si) (n = 0-4) in the framework of SAPO molecular sieves.
As the number of Al atoms around Si decreases, the Si reso-
nance shifts to a higher field (-90 to -110). The peak broaden-
ing in the 29Si MAS NMR spectra of the sample at 1.83 h and
other highly crystalline samples indicates that there are several

(a)

17.83 h
3.33h
1.83 h
1.22h
A ST ST S S S S ST S NSNS ST SN SRS SR |
50 0 -50 -100 -150 -200 -250
o
(b)
17.83 h
3.33h
1.83h
1.22h
A ST ST S S S S ST S NSNS ST SN SRS SR |
50 0 -50 -100 -150 -200 -250
3

Fig. 7. 2°Si MAS NMR (a) and !H-2Si CP MAS NMR (b) spectra of
as-synthesized samples.

types of Si species in the frameworks of the solid samples. Since
the sample has two crystal phases in the initial crystallization
period (at 1.22 h), as well as a small amount of amorphous ma-
terials, it is difficult to assign all the peaks in the 29Si MAS NMR
spectrum. Therefore, 1H-29Si cross-polarization (CP) MAS NMR
spectra were obtained. The spectra are shown in Fig. 7(b). It is
obvious that almost no changes can be observed in the spec-
trum of the sample at 1.22 h after cross polarization. However,
a sharp peak at § = -93.7 [Si(3Al)] appeared in the 29Si CP MAS
NMR spectra of other solid samples, instead of the broad peak
seen in the 29Si MAS NMR spectra. The difference between the
peak intensity of the sample at 1.22 h and those of the other
solid samples in the range —75 to -100 could be correlated with
the existence of crystalline intermediates. The assignment of
the peak at § = =110 is still difficult. This peak might arise from
the intermediate phase, or it could be related to undissolved
raw materials in the liquid phase. Comparing the 29Si MAS NMR
and 29Si CP MAS NMR spectra of the solid samples in the later
period of crystallization, we infer that the Si atoms exist as Si
islands in the molecular sieve framework at this stage. Based
on the SM2 (Si substituting P) and SM3 (Si substituting P-Al)
mechanisms for incorporation of Si into the SAPO framework,
five- and eight-Si islands can be formed in the framework. The
structure with five-Si islands contains four Si(3Al, 1Si) and one
Si(4Si). The structure with eight-Si islands contains four Si(3Al,
1Si), two Si(2Al, 2Si), and two Si(4Si) [25,26]. The structures
with five-Si islands and eight-Si islands both result in the exist-
ence of many Si(3Al) species. This is in agreement with the 29Si
MAS NMR spectra.
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3.6. Analysis of crystallization process

Based on the above results, we consider the crystallization
process of SAPO-11 molecular sieves to be as follows.

Significant changes in the initial gel started to occur when
heating started. When the crystallization temperature reached
100 °C, most of the P and Si sources had dissolved into the lig-
uid phase. However, the Al source remained in the solid phase
as pseudoboehmite. In addition, some amorphous alumino-
phosphate appeared in the solid samples. When the tempera-
ture rose to 150 °C, large amounts of the Al source and amor-
phous aluminophosphate dissolved into the liquid phase. At the
same time, SAPO-11 crystals and an unknown crystalline phase
started to appear. The Al content of the solid samples de-
creased significantly, and the P and Si contents of the solid
samples clearly increased. Moreover, the Si content reached a
local maximum point. The pH of the solution increased from
3.26 at 100 °C to 6.02 at 150 °C. Theoretically, in the initial
crystallization period, with the increase in the pH, it is easy for
amorphous silicon oxide to dissolve into the liquid phase. The
increase in the Si content of the solid sample should be caused
by formation of the intermediate phase, suggesting the exist-
ence of Al-P-Si in intermediates. Based on the NMR results, we
can deduce that the coordination environments of these atoms
in the intermediate phase are more complex than those in
SAPO-11. When the crystallization temperature reached 200 °C,
amorphous aluminum oxide and the intermediate crystal dis-
solved completely. A large amount of SAPO-11 started to crys-
tallize, and the relative crystallinity of the sample was 81%. In
addition, the solution pH rose to 7.34. The molar content of Si
in the sample was only 2.06%. It existed as Si islands in the
framework of the SAPO-11 molecular sieve. On extension of the
crystallization time to 17.83 h, the coordination environments
of Al, Si, and P in the solid sample remained unchanged. The
relative molar content of Al was around 50%. The content of P
decreased slightly, and that of Si increased to 4.66%. This
means that the amount of Si incorporated into the framework
increased greatly in the later stages of crystallization.

3.7. Sidistribution in SAPO molecular sieve crystals

Based on analysis of the crystallization process, we infer
that the distribution of Si in SAPO-11 molecular sieve might be
inhomogeneous, and increase from the inside to the surface.
This results in a large amount of Si on the external surface of
SAPO. To confirm our deduction, XPS was performed on the
sample at 17.83 h. The results are listed in Table 1. The results
show that the Si/Al ratio on the external surface is around 0.48,
which is much higher than the value of 0.09 in the bulk phase,
obtained using XRF. This result is in agreement with our pre-
vious analysis. This phenomenon could be closely related to
changes in the pH of the system. Since the isoelectric point of
silicon oxide is at around pH 2, the solution in the initial crys-
tallization stage is acidic, which is not conducive to depolymer-
ization of silicon oxide. The involvement of Si is therefore re-
stricted to formation of the framework. As the crystallization
process proceeds and various products are formed, the solution

Table 1

Bulk and surface compositions of SAPO molecular sieves.

Sample Bulk Surface
SAPO-11 Sio.045Al0.498P0.458 Sio224Al0462P0.314
SAPO-5 Sio.073Alo.488P0.439 Sio.155Al0.420P0.424
SAPO-34-TEA Sio.0s0Alo.4scPo.434 Sio.206Al0453P0341
SAPO-34-DEA * Sio.164Al0.478P0.358 Sio.231Al0.440P0.329
SAPO-35 Sio.122Al0.488P0.390 Sio.187Al0478P0.335

*Data from Ref. [15]. SAPO-34-DEA was synthesized with diethylamine
as template.

pH rises gradually. Increasing amounts of silicon oxide are de-
polymerized, resulting in an increase in the number of active Si
species in the liquid phase. The amount of Si atoms incorpo-
rated into the framework therefore increases significantly, re-
sulting in a large amount of Si on the external surfaces of the
molecular sieves.

According to the literature, it is common for the pH of a
synthetic gel to increase as the crystallization of SAPO molecu-
lar sieves progresses. We therefore deduced that Si enrichment
of the external surface may occur for other SAPO molecular
sieves (that is, the Si content of the crystal increases from the
core to the shell). So, SAPO-5, SAPO-34, and SAPO-35 molecular
sieves were hydrothermally synthesized and characterized by
XPS. The results are presented in Table 1. The Si contents on
the surfaces of these samples are higher than those in the bulk
phase, in agreement with the above speculation. In addition,
there are differences among the surface Si contents of the sam-
ples. This might be related to the pH of each synthetic solution
and the framework structure of the molecular sieves. The phe-
nomenon of Si enrichment on the surface of SAPO molecular
sieves has also been reported by other research groups [27,28].
It should be a common characteristic of the crystallization of
SAPO molecular sieves.

4. Conclusions

The hydrothermal crystallization process of SAPO-11 mo-
lecular sieve was investigated using several characterization
methods. In the early stage of crystallization, the Si, P, and Al
sources, as well as the amorphous aluminophosphate gel, dis-
solved into the liquid phase. SAPO-11 was formed along with a
crystalline material composed of Si-P-Al. As crystallization
continued, the unknown crystalline material dissolved, and
SAPO-11 crystallized with fast crystallization characteristics.
After heating the gel for 2.33 h, the relative crystallinity of the
molecular sieves was close to 100%. This fluctuated within a
small range until crystallization was complete. The crystalliza-
tion process of SAPO-11 followed a solution-mediated
transport mechanism, although a solid hydrogel transformation
mechanism may also occur in the initial stage of crystallization.
Si atoms were incorporated directly into the SAPO-11 frame-
work in the initial stage of crystallization and existed as Si is-
lands. Considering that the content of silicon oxide in the mo-
lecular sieves increased gradually with increasing crystalliza-
tion time, and based on the XPS results, we deduced that the
distribution of Si in the SAPO-11 crystal was not uniform. The
content of Si increased from the core to the surface of the crys-
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The formation of SAPO-11 exhibited fast crystallization characteristics. The Si content of SAPO-11 increased with time, which led to a
non-uniform distribution of Si in the crystals.

tal. In addition, we compared the XPS results of other SAPO
molecular sieves. We found enriched Si species on the external
surfaces of all the SAPO molecular sieves. We therefore con-

clude that it is common for the distribution of Si in SAPO mo-
lecular sieves synthesized by hydrothermal methods to be
non-uniform.
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