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Abstract

In this study of the synthesis of SAPO-34 molecular sieves, XRD, SEM, XRF, IR and NMR techniques were
applied to monitor the crystalloid, structure and composition changes of the samples in the whole crystallization
process in order to get evidence for the crystallization as well as Si incorporation mechanism of SAPO-34. XRD results
revealed that the crystallization contained two stages. In the first 2.5 h (the earlier stage), high up to ~80% of relative
crystallinity could be achieved and the crystal size of SAPO-34 was almost the same as that of any longer time, in-
dicating a fast crystallization feature of the synthesis. In this stage, IR revealed that the formation of SAPO-34
framework structure was accompanied by the diminution of hydroxyls, suggesting that crystal nuclei of SAPO-34 may
arise from the structure rearrangement of the initial gel and the condensation of the hydroxyls. NMR results reveal that
the template and the ageing period are crucial for the later crystallization of SAPO-34. Preliminary structure units
similar to the framework of SAPO-34 have already formed before the crystallization began (0 h and low temperature).
Evidence from IR, NMR, and XRF shows that the formation of the SAPO-34 may be a type of gel conversion
mechanism, the solution support and the appropriate solution circumstance are two important parameters of the
crystallization of SAPO-34. Meanwhile, NMR measurements demonstrated that about 80% of total Si atoms directly
take part in the formation of the crystal nuclei as well as in the growth of the crystal grains in the earlier stage (<2.5 h).
Evidence tends to support that Si incorporation is by direct participation mechanism rather than by the Si substitution
mechanism for P in this stage (<2.5 h). In the later stage (>2.5 h), the relative content of Si increased slightly with a little
decrease of Al and P. The increase of Si(4Al) and the appearance of the Si(3Al), Si(2Al), Si(1Al) and Si(0Al) in this stage
suggest that substitution of the Si atoms for the phosphorus and for the phosphorus and aluminum pair takes place in
the crystallization. The relationship among structure, acidity and crystallization process is established, which suggests a
possibility to improve the acidity and catalytic properties by choosing a optimum crystallization time, thus controlling
the number and distribution of Si in the framework of SAPO-34. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

e . SAPO-34, a novel molecular sieve in the SAPO
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the most remarkable prospects of SAPO-34 is its
excellent performance in catalytic conversion of
methanol and/or dimethylether to light olefins
(MTO/DTO) [4-6]. Thus, it provides a potential
for developing a commercial MTO/DTO process
to produce light olefins from coal or natural gas,
other than by the conventional oil routes [7-9].
Many works [10,11] were reported on the acid
properties of SAPO-34 and its application as
catalyst, however, the relations between acid prop-
erties and catalytic performances are still not clear
enough for most reaction systems. The Brensted
acid sites of SAPO-34 are attributed to the intro-
duction of Si atoms into the neutral AIPO4-34
framework. From the viewpoints of the references
[12-16], it is proposed that Si atoms incorporate
into the AIPO,-34 structure by two different sub-
stitution mechanisms: the first, denoted as SM1, is
that the Si substitution for phosphorus form
Si(4Al) entities, which gives rise to negative char-
ges for forming Brensted acid sites; the second
mechanism (SM2) is the double substitution of
neighboring aluminum and phosphorus by two
silicon atoms to form Si(nAl) (n = 3-0) structures,
which leads to the formation of stronger Bronsted
acid sites. The structure, acidity and catalytic
property of SAPO-34 depend on the number and
distribution of Si in the framework [16-18], which
is closely related to the synthesis process, i.e., to
the crystallization and Si incorporation mecha-
nisms. However, the synthesis mechanism and the
relations among mechanism, structure and acidity
of SAPO-34 have not been established.

In the present work, crystallization as well as
silicon incorporation mechanism of SAPO-34 has
been studied by monitoring the whole synthesis
process with various techniques such as XRD,
SEM, XRF, IR, and NMR. The results of syn-
thesis and characterization were correlated to
investigate the diversification of the structure and
the composition with the crystallization time. This
study was expected to provide evidence to under-
stand the crystallization and Si incorporation
mechanisms of SAPO-34 and the theoretical basis
for the improvement of the catalyst. Moreover, it
will also be beneficial for the understanding of the
synthesis and property of other SAPO molecular
sieves.

2. Experimental

SAPO-34 was prepared based on a hydro-
thermal method described in the patent [19] from
a gel composition of 3R:0.6510,:A1,03:1.6H;POy:
50H,0, where R is the template. The sources of the
framework elements were pseudoboehmite, 85%
phosphoric acid, silica sol (25%), water and tri-
ethylamine (TEA). The mixing of the starting
materials to form a gel was in an order of, H;POy,,
silica sol, distilled water and template, during
which half amount of distilled water was added to
pseudoboehmite in the first mixing step. The gel
mixture was removed to a 2 | stainless-steel auto-
clave. After ageing for 24 h, the initial gel was
heated and crystallized at 200 °C under autogenic
pressure with stirring. Samples at different crys-
tallization time were withdrawn periodically from
the autoclave during the synthesis process by a
home-made apparatus. Some gel samples were
filtered and retained for studies. The solid “as-
synthesized”” samples were then obtained after fil-
tration, washing by water for at least four times
and dried at 110 °C for 12 h. These samples, unless
stated otherwise, were used for various character-
izations by many techniques. Some of the as-syn-
thesized samples were calcined in air at 550 °C for
3 h to remove the template and water.

X-ray power diffraction patterns were recorded
on a RIGAKU D/max-rb instrument using Cu Ko
radiation with a nickel filter. SEM photographs
were obtained on a HITACHI S-3200N scanning
electron microscope. X-ray fluorescence analysis
(XRF) was performed on a Bruker SRS 3400 X-
Ray Spectrometer using AG Rh 66-G0.75 pm ra-
diation operating at 30 kV. Lines were Kal, Kal,
and Kal for Al, P and Si, respectively. IR spectra
of the samples in the region of the framework
stretching vibrations (300-4000 cm™') were mea-
sured using KBr containing pellets on a Perkin—
Elmer 983G IR spectrophotometer. 1*C, #Si, 3'P,
27Al CP/MAS and MAS NMR spectra were car-
ried out on a Bruker DRX-400 spectrometer.
Spinning speeds were 4, 4, 4, and 8 kHz for 13C,
28i, 3P, and ¥’ Al, respectively, and chemical shifts
are quoted respectively from DDS (3-trimethylsiyl
propanesulfonic acid sodium salt), DDS, 85%
phosphoric acid, and Al(H,0);". Short radio-fre-
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quency pulses 1/20 was used for the ?’ Al spectra to
ensure that the measurements were quantitatively
reliable.

3. Results and discussion
3.1. Crystalline analysis

The X-ray diffraction patterns are presented in
Fig. 1, the crystallization curve according to the
relative crystallinity in Fig. 2, and the SEM pho-
tographs in Fig. 3. First of all, it should be pointed
out that for all as-synthesized samples with evident
relative crystallinity, their XRD patterns were
confirmed in agreement with that of SAPO-34
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Fig. 1. XRD spectra of as-synthesized samples.
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Fig. 2. Crystallization curve of SAPO-34.

reported in the literature [1]. This proved that the
synthesis was reliable.

XRD results showed that the whole crystalli-
zation process contained two stages, the earlier
stage (<2.5 h) and the later stage (>2.5 h). In the
initial period of the earlier stage, i.e., before first
0.5 h, no characteristic peaks of SAPO-34 could be
observed, indicating that there was only an
amorphous phase in the synthesis system. After 1
h, the crystallization became evident and the rel-
ative crystallinity increased rapidly with time.
High up to ~80% relative crystallinity could be
achieved at 2.5 h, confirming fast crystallization
character of the synthesis. In the later stage (>2.5
h), although the crystallization time was longer
than the earlier stage, the increase of relative
crystallinity was smaller.

SEM results (Fig. 3) were in agreement with
XRD data. In the initial period of crystallization
(<0.5 h), only amorphous phase was observed.
This period can be ascribed to the induction period
of the crystal nuclei. With the increase of the
crystallization time, cubic SAPO-34 crystals ap-
peared and the crystals became larger. After 1 h,
the SEM photograph showed that cubic SAPO-34
crystals appeared, which coexisted with amor-
phous phase, while the crystals was distributed in a
range, with an average size of about 1.6 um. At the
end of the earlier stage (2.5 h), the amorphous
phase disappeared and the SAPO-34 crystals were
well distributed with a size of 3 pm. In the later
stage (>2.5 h), similar to the change of relative
crystallinity, the size of the crystals changed only a
little even after a 26 h crystallization. However, the
cubic SAPO-34 crystals became more regular than
in the earlier stage.

3.2. Infrared spectral analysis

Infrared spectra of the as-synthesized samples
in the framework vibration frequency region are
shown in Fig. 4. The various vibration frequencies
(Table 1) have been assigned, based on relevant
reports [14,15].

Though there are no obvious change in the first
0.5 h in the XRD spectra, IR spectra clearly
showed that structure changes have taken place in
the solid part of the gel in the nucleation process.
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Fig. 3. SEM images of as-synthesized samples.

According to the spectra and the assignments, it
can be seen clearly that the characteristic peaks of
the amorpha (785, 618, 520, 365 cm™') transferred
to broad peaks in 0.5 h. After 1 h, the character-
istic peaks of the SAPO-34 (635, 530, 480, 380
cm™!) appeared and increased, which match very
well with those of the XRD and the SEM. These
suggest a change of composition and a structure

rearrangement in the nucleation process. It indi-
cates that the crystal nuclei of SAPO-34 arise from
the structure rearrangement of the initial gel to the
crystal lattice. Moreover, it was observed obvi-
ously that the disappear of the stretch band of Si—
O (785 cm™!) and transfer of the bending band of
SiO4 (470 cm™') in the solid phase of the initial gel,
which indicates evidently that the silicones directly
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Fig. 4. IR spectra of the as-synthesized samples in the earlier
stage of crystallization.

take part in the SAPO-34 nucleation. In addition,
an alternate interpretation is that the Si species
exist as silica colloid at + = 0 h which is more or-
dered in the gel phase and is broken up into several
SiO, species at t = 0.5 h giving rise to the observed
broad peaks which sharpen in the crystalline ma-
terial at £ > 1.0 h.

In the initial gel, the Si, P, and Al species are in
hydration states, which caused hydroxyl vibrations
that could be observed on the IR spectra. The
stretch bands (3000-3650 cm™!), the bending
bands (1550-1650 cm~!) and the vibration bands
(400-800 cm™") of the hydroxyls decreased in time
indicating the nucleation process is a structure
rearrangement, accompanied by the condensation
of the hydroxyls.

3.3. NMR analysis

Fig. 5 shows the ’Al, 3'P and ?Si NMR spectra
of the as-synthesized samples in the earlier stage of
crystallization (<2.5 h). It illustrated clearly that
the 7Al, 3'P and ?Si NMR spectra changed very
little in the first 0.5 h. As there were only amor-
phous Al, P and Si in the initial gel, the 2’ Al NMR
showed a single resonance at 8 ppm that could be
assigned to hydrated aluminum oxide. Meanwhile,
3P and ¥Si NMR spectra presented broadened
resonance region indicating varied and disordered
states of P and Si in the gel phase. After 1 h, the
characteristic resonance peaks of SAPO-34 ap-
peared. Al NMR showed a typical NMR peak at
38 ppm due to aluminum in tetrahedral environ-
ment of the SAPO-34 framework. *'P and »Si
NMR each showed a single resonance at —27.4
and —90.5 ppm, respectively, typical of P(Al) and
Si(4Al) environments in the SAPOs [14,15,20-23].
With the consumption of the amorphous materials
with time, the resonance peaks of tetrahedral alu-
minum, P(Al) and Si(Al) in the SAPO-34 lattice
increased rapidly with the decrease of the reso-
nance peaks of the amorphous materials, indicat-
ing higher crystallinity of the samples. At 2.5 h, the
resonance at 8 ppm in the Al NMR shifted to 12
ppm that can be assigned to six-coordinated Al
due to extra linkages of tetrahedral Al to ~-OH
groups, deriving from either the template or the
hydrolysis of water, which indicated the finish of
the crystallization.

In addition, *'P and ?Si NMR clearly showed
that there were weak resonance peaks at the same
chemical shift of P(4Al) and Si(4Al) of SAPO-34 in

Table 1
Assignment of the IR bands in framework vibration region of the as-synthesized samples
Crystalliza-  Structure  Asymmetric Symmetric T-O bend
tion time type stretch stretch
(h) P-O-Al OPO SiO PO D-6 PO, (SLA)Os SiO, Rings  Channel
(P-O-P) (AI-O) rings
0 Amorpha 1225 1090 785 730 - 618 520 470 365 -
570
0.5 Amorpha - 1070 - 730 - 618 - 475 365 -
570
1 Crystal 1215 1100 - 730 635 570 530 480 - 380
1.5 Crystal 1215 1100 - 730 635 570 530 480 - 380
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Fig. 5.2 A1 MAS (a), 3'P MAS (b) and ?Si CP/MAS (c) NMR spectra of as-synthesized samples in the earlier stage of crystallization.

the first 0.5 h. As the template and water influ-
enced greatly the coordination manner of Al, the
samples in the earlier stage of crystallization were
calcined and dehydrated at 550 °C for distin-
guishing clearly the difference between the sample
of 0 h and the alumina source. The result in Fig. 6
matched well with those of the *'P and ?Si NMR
in Fig. 5. There is a weak resonance at 38 ppm
with the same shift of tetrahedral Al in the SAPO-
34 framework for the first 0.5 h.

Z7AL 3P and ¥Si NMR results reveal that the
template and the ageing period are crucial for the
later crystallization of SAPO-34. Structure chan-
ges take place in the starting gel during the ageing
period after the addition of the template [24]. It
clearly shows that “preliminary structure units”
similar to the framework of SAPO-34 have already
formed before the crystallization began (0 h and
low temperature). These structure units are likely
the precursor of the crystal nuclei of SAPO-34.

So, it can be inferred that one of the important
steps occurring during the ageing period, that is
the partial dissolution or depolymerization of the
silica colloid, which is promoted by the alkaline

conditions come from the template [24]. In the
alkaline gel, the dissolved silica is reactive which
react with AI(OH), and PO;~ species to produce
“preliminary structure units”. When the crystalli-
zation temperature was raised, the crystallization
began, the preliminary structure units condensed
to ‘“‘secondary building units”, then the crystal
nuclei of SAPO-34 formed. The evidences of
NMR spectra directly show that a small quantity
of silica colloid have been broken down to smaller
more reactive species in the ageing period. When
the crystallization began, the condensation of
the structure units made the equilibrium moving
which lead to more silica colloid broke down and
the reactive Si species directly take part in the
crystal nucleation and crystal growth.

The Al and 3P NMR spectra changed very
little in the later stage of crystallization (>2.5 h),
while the Si NMR changed greatly (Fig. 7). At 10
h, four weak resonance signals appeared at —94.4,
—99.6, —104.3 and 109.8 ppm, which can be as-
signed to Si(3Al), Si(2Al), Si(1Al) and Si(0Al),
respectively, [13—15] suggesting that small amount
of Si atoms are incorporated into the SAPO-34



J. Tan et al. | Microporous and Mesoporous Materials 53 (2002) 97-108 103

1h

=

100 50 5 0 -50

Fig. 6. ”?Al MAS NMR spectra of calcined and dehydrated
samples in the earlier stage of crystallization.

38

12
¥

-

26h /\/
26h l 10h / /

4h /\\/

framework by the substitution mechanism in this
stage.

3.4. Crystallization mechanism

The spectroscopic evidences of the solid sam-
ples showed that the preliminary structure units of
SAPO-34 firstly formed in the gel, which inferred
that the crystal nuclei might arise from the gel
phase. More evidence were taken from the XRF
and 3C MAS NMR results.

The XRF results (Fig. 8) showed that there was
a great change of the chemical composition of the
solid samples in the period of 0.5-1.5 h. After 1.5
h, the change of chemical composition of the
as-synthesized samples became much slow. Com-
parison of XRD results (Fig. 2) and Fig. 8 showed
that the relative composition of the sample at 1 h
approached closely to the crystal composition, but
the relative crystallinity of the sample was not very
high (about 58.3%). It revealed that the composi-
tion changes of the reaction mixture took place
faster than the crystallization process in this stage,
implying a mass transition between the solution
phase and the gel phase had already occurred in
preparation for the growth of the crystals. This
phenomenon also suggests that the initial crystals
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Fig. 7. ¥ Al MAS (a), 3'P MAS (b) and ¥Si CP/MAS (c) NMR spectra of as-synthesized samples in the later stage of crystallization.
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Fig. 8. Influence of crystallization on the composition of solid
samples.

(crystal nuclei) may arise from the gel phase, and
the solution phase with mass transferring to the gel
phase may provide the source for the growth of
crystal grains.

Calculation from the *C MAS NMR results of
the solid samples (Fig. 9) showed that the relative
content of template (TEA) in the solid samples
increased gradually with time, which was similar
to the change of relative crystallinity. The relative
slow change of the template content with time
(comparison with the composition change) gives
another evidence of mass transfer between the gel

100 N
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o o o
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N
o
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Fig. 9. Relative content curve of template in the as-synthesized
samples.

and the solution phase. Meanwhile, little template
was found in the first two samples (0-0.5 h). A
reasonable explanation is that the template is
captured in the crystals of SAPO-34, before the
formation of the crystals, the interaction between
the template and the gel phase is very weak. In
fact, it was observed that in the preparation of fi-
nal mixture, the addition of the template caused a
great change of the solution composition (Fig. 10).
This phenomenon demonstrates a strong action of
the template in the solution phase. This action
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Fig. 10. Liquid ¥P NMR of the liquid samples in the first steps
of the crystallization process. (a) Liquid sample of the stirred
mixture of the raw sources (silica sol, pseudoboehmite, ortho-
phosphoric acid and water). (b) Liquid sample of the reaction
mixture of the raw sources and template (TEA). (¢) Liquid
sample of the reaction mixture after ageing (the initial state of
the crystallization, 0 h). (d) Liquid sample of the reaction
mixture crystallized for 2.5 h. (¢) Liquid sample of the reaction
mixture crystallized for 26 h.
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became stronger obviously after ageing while
weakening in the crystallization process, suggest-
ing the influence of the template and ageing for the
solution circumstance which is another important
factor for the synthesis of SAPO-34.

These results from IR, NMR, and XRF give
evidence that the formation of the SAPO-34
may be a type of gel conversion mechanism, the
solution support and the appropriate solution cir-
cumstance are two important parameters of the
crystallization of SAPO-34.

3.5. Mechanism of Si incorporation into SAPO-34
framework

During the whole crystallization process, the
YAl *'P and ?Si MAS NMR spectra of as-syn-
thesized samples were splinted and integrated to
calculate the relative content of Al(IV), P(IV) and
Si(IV) incorporation into the framework of SAPO-
34. Changes of the relative contents of Al, P and Si
in the whole crystallization were shown in Fig.
I1a. In the earlier stage (<2.5 h) of the crystalli-
zation, only Si(4Al) was found in the structure,
and the increase of the relative contents of Si, P
and Al in the framework of the as-synthesized
samples showed a similar trend as that of the
crystallinity, which was different from those in the
later crystallization stage (>2.5 h). The relative
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content of Si increased slightly with slight decrease
of Al and P in the later stage (>2.5 h). Results of
IR and NMR reveal that Si atoms directly take
part in the crystal nucleation in the induction pe-
riod of crystallization (<0.5 h). After 1 h, Si atoms
directly incorporated into the framework of
SAPO-34 by the participation of crystallization to
form the Si(4Al) structure, of which the relative
content was about 40%, contrast to that of the
highest sample. Then the relative content of Si in
the framework increased with time for the growth
of the crystal grains. Up to 2.5 h, the relative con-
tent of Si in the framework achieved 80%. These
give evidence that most Si atoms (80%) directly
take part in the formation of the crystal nuclei
as well as in the growth period of the crystal
grains in the earlier stage (<2.5 h) of the crystal-
lization in the forming of the Si(4Al) entities ran-
domly. The slight increase of Si(4Al) and the
appearance of the Si(3Al), Si(2Al), Si(1Al) and
Si(0Al) after 2.5 h suggest that substitution of
small amount of Si atoms for the phosphorus as
well as for the phosphorus and aluminum pair
takes place in the later stage of the crystalliza-
tion to form small silica patches. But the increase
of the relative content of Si in the earlier stage
(<2.5 h) cannot rule out the common role of the
substitution mechanism of P atoms. Therefore,
we investigated the relative proportion of Si/Al/P
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Fig. 11. Changes of the Al(IV), P(IV) and Si(IV) relative content (a) and relative proportion (b) of the as-synthesized samples with

crystallization time.
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incorporated into the framework of SAPO-34
(Fig. 11b). It showed clearly that the relative
proportion of Al/P is basically balanced in the
whole crystallization, and the same is true for Si/P
and Si/Al in the early crystallization stage (>2.5 h).
It reveals that Si, P and Al incorporate into the
framework of SAPO-34 in a certain proportion
and an equal rate in 2.5 h, which gives evidence
that the major part of Si atoms (80%) incorporate
into the framework by direct participation of the
crystallization other than by the substitution for P
in the earlier stage (<2.5 h). Whereas small
amount of Si atoms (20%) incorporate by substi-
tution mechanism in the later stage (>2.5 h). A
model of the crystallization process of SAPO-34 is
shown in Fig. 12.

3.6. Effect of Si incorporation on the acidity of the
Bronsted acid sites

Fig. 13 showed the various possible Si envi-
ronments in the SAPO-34 framework [17]. From
our study of the Si incorporation mechanism, 80%
Si atoms incorporate into the SAPO-34 framework
as Si(4Al) entities (i.e. Fig. 13a) by the direct
participation mechanism in the earlier stage (<2.5
h). It is easy to infer that these Si(4Al) entities
should be isolated and well distributed in the
framework, and these isolated Bronsted acid sites
should be the main source of the acidity of SAPO-
34. In the later stage (>2.5 h), small amount of Si
atoms (20%) incorporate into the framework by
the substitution mechanism, which cause the con-
centration of Si atoms as nonisolated Si(4Al) en-

Rearrangement
Initial Condensation Crystal
_
gel Si act directly puelens

. l, ||
Si— Al—Si>~ Al—P—Al—

Fig. 13. Various possible Si environments in the SAPO-34
framework (4) Si(4Al) (3) Si(3Al) (2) Si(2Al) (1) Si(1Al) (0)
Si(0Al).

tities (i.e. Fig. 13b and c¢) and Si islands containing
Si(nAl) (n = 0-3) structures (i.e. Fig. 13d-f). The
number and the size of the Si-rich entities increase
gradually with the crystallization time. The for-
mation of these Si-rich entities promotes the acid-
ity of SAPO-34, and that the acidity of the acid

Relative
Crystallinity
~80%

Grain growth Crystal grains
- .

Si act directly (~80%) with Si(4Al)

Crystal grains

Si substitute for P with Si(nAl)
2Si Substitute for Al+P

Fig. 12. A model of the SAPO-34 crystallization process.
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centers at the edges of such islands will increase
with island size [16]. The increase in acidity is
primarily the result of the uneven distribution
of the negative charges, which brings about by
the substitution of Si for P and/or for Al and P. It
should be noted that the changes on the struc-
ture of SAPO-34 in the crystallization process will
directly lead to the change of acidity, and will
certainly result in the differences in catalytic prop-
erties. These suggest the relations among acidity,
structure and crystallization process, also the pos-
sibility to improve the acidity and catalytic prop-
erties, by choosing a optimum crystallization time,
thus controlling the number and distribution of Si
in the framework of SAPO-34.

4. Conclusions

In the previous work, we studied the whole
crystallization of the small-pore molecular sieve
SAPO-34 was monitored by various physico-
chemical techniques. Our results show that the
whole crystallization process of SAPO-34 con-
tained two stages, the earlier stage (<2.5 h) and the
later stage (>2.5 h). In the first 2.5 h (the earlier
stage), high up to ~80% of relative crystallinity
could be achieved indicating a fast crystallization
feature of the synthesis. It is revealed that the
crystal nuclei of SAPO-34 result from the structure
rearrangement of the initial gel and the conden-
sation of the hydroxyls. The template and the
ageing period are crucial for the later crystalliza-
tion of SAPO-34. Preliminary structure units
similar to the framework of SAPO-34 have already
formed before the crystallization began (0 h and
low temperature). Evidence shows that the for-
mation of the SAPO-34 may be a type of gel
conversion mechanism, the solution support and
the appropriate solution circumstance are two im-
portant parameters of the crystallization of SAPO-
34. The investigations of NMR have confirmed
that the major part of the silicones (80%) incor-
porate into the SAPO-34 framework by direct
participation of the crystallization other than
by the substitution for P in the earlier stage (<2.5
h), form isolated and well-distributed Si(4Al) en-
tities. While small amount of Si atoms (20%)

incorporate into the framework forming small
Si-rich entities by the substitution of the phos-
phorus as well as the phosphorus and aluminum
pair in the later stage (>2.5 h). The close relations
among acidity, structure and crystallization pro-
cess are established, which provide the possibility
to improve the acidity and catalytic properties by
choosing a optimum crystallization time, thus
controlling the number and distribution of Si in
the framework of SAPO-34.
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