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Abstract. Several samples were synthesized under hydrothermal condition by using TEAOH
(tetraethyl ammoniumhydroxide), DEA (diethylamine), TEA (triethylamine) and morpholine as
structure-directing agents and TEOS and fumed silica as silicon sources. The significance of
template, silicon sources and crystallization time on crystal phase, morphology, crystal size and
crystallinity were studied and the results were compared with those of obtained from other
investigations reported in this field. SAPO-5 and SAPO-34 with different crystal size in the range
of 300 nm - 15 m were formed, using different template and silicon sources. The SAPO crystals
were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dis-
persive X-ray spectroscopy (EDX), thermogravimetric analysis (TGA) and nitrogen adsorption
technique (BET). The results show that TEAOH is the most proper template for SAPO-34 synthe-
sis whereas TEA is an appropriate template for synthesis of SAPO-5. DEA and morpholine,
however, can produce SAPO-34 or/and other phases depending on their concentration used.
Using TEOS as silica source, results in producing finer particles with narrower size distribution
for almost all samples. Crystallization time has a significant effect on crystal size and crystalliniy.

1. INTRODUCTION

Silicoaluminophosphates (SAPO) are an important
class of molecular sieves which may possess
Bronsted acidic sites with the substitution of Si into
the neutral framework of AlPO4-n. Aluminophosphate
(AlPO4  molecular sieves’framework is electrically
neutral without ion exchange capability. Introduc-
tion of silicon atoms into their structure causes a
]egative imbala]ce i] the framework’s charge. Hy-
droxyl groups as Bronsted acidic sites are formed
by neutralization of the negatively charged centers
with the proton left after decomposition of organic
template in the calcination process [1-4].

Silicoaluminophosphate molecular sieves have
considerable potential as acidic catalysts [5] which

can play different key roles such as membrane or
adsorbent in sorption reactions and catalyst in pet-
rochemical reactions especially methanol-to-olefin
(MTO) process that has been considered a promis-
ing technology to produce lower olefins from natural
gas [6]. SAPO-34 catalyst shows an exceptional
selectivity for lower olefins and the complete con-
version of methanol in the MTO reaction, although it
is rapidly deactivated by coke, which completely
blocks the internal channels of the SAPO-34 crys-
tals. Using SAPO-34 catalyst with small crystallite
size enhances the accessibility of methanol into its
cages, resulting in better catalytic performance [7-
9]. Since the diffusion of methanol in the SAPO-34
catalyst is limited by its small cages, only some
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cages near the external surface are active in the
MTO reaction [10], therefore the effectiveness of the
SAPO-34 catalyst is improved by reducing its crys-
tallite size [9].

The importance of nanoparticles, especially
nanocatalysis and their uses in different industries
has attracted many researches. The materials in
nano-scale show different characteristics in com-
parison with their bulk state [11,12]. Huge amount
of investigations about the effect of crystal size show
that the best performance for SAPO-34 catalysts of
sizes less than 500 nm [13-15]. Below this diam-
eter no diffusion limitations observed during the cata-
lytic reaction. Hirota et al. [15] accomplished to
synthesize nanocrystals of SAPO-34 by a dry gel
conversion using tetraethylammonium hydroxide
(TEAOH) as a structure-directing agent (SDA). The
final product was pure SAPO-34 with average small
crystal size (75 nm) which is significantly reduced
in comparison with samples which previously pre-
pared by this team by hydrothermal method using
the same SDA (800 nm). Chen et al. [14] examined
the effects of the crystal size of SAPO-34 on its
selectivity and deactivation in the MTO reaction.
SAPO-34 fractions with a crystal size of less than
500 nm showed an excellent lifetime in the MTO
reaction. The van Heyden group [16] reported syn-
thesis of SAPO-34 nanocrystals with diameter less
than 400 nm by the use of colloidal precursor solu-
tions in the presence of tetraethylammonium hy-
droxide as a template at different hydrothermal con-
ditions carried out in conventional ovens. Also, by
means of microwave hydrothermal treatment the
diameter was further reduced to 100 nm, and the
resultant material was fully crystalline with a well-
defined cube-like morphology.

The crystallization of molecular sieves is a very
complicated process. Template and silicon sources,
crystallization condition and material composition
in initial gel show important influences on SAPO
synthesis. Organic compound, i.e., template, plays
the most important role on structure, crystal size
and morphology [17]. The action for an organic com-
pound in AlPO or SAPO synthesis is well known for
the role of structure directing agent (SDA), space
filling and charge compensating [18].SAPO molecu-
lar sieves can be prepared by various templates,
however, different physicochemical properties might
be observed according to the type of template and
its concentration during the preparation. SAPO-34
can be synthesized with many templates such as
tetraethyl ammoniumhydroxide (TEAOH),
dipropylamine (DPA), diethylamine (DEA),

morpholine and triethylamine (TEA), in which TEAOH
is the most commonly used. Furthermore, the mor-
phology and size of the SAPO-34 crystals are
strongly influenced by silica sources due to the dif-
ferent solubility of silica sources in alkaline medium
[19,20]. Colloidal silica, fumed silica and TEOS
(tetraethylorthosilicate), as an organic source of
silica, are mostly used to synthesis of SAPO-34
crystals.

In this work several samples were synthesized
under hydrothermal conditions by using TEAOH,
DEA, TEA, and morpholine as structure-directing
agents and TEOS and fumed silica as silicon
sources. The influence of template, silicon sources
and crystallization condition on structure, morphol-
ogy and crystal size were studied. The SAPO crys-
tals were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy dis-
persive X-ray analysis (EDAX), thermogravimetric
analysis (TGA) and nitrogen adsorption technique
(BET).

2. EXPERIMENTAL

2.1. Sample preparation

The silicoaluminophosphate (SAPO) molecular
sieves were synthesized by hydrothermal method
using precursor gel with different molar ratios that
are shown in Table 1. The sources for Al and P were
Aluminum isopropoxide [98% Al (OPri)3, Merck] and
H3PO4 [85 wt.% aqueous solution, Merck] respec-
tively. Tetraethylammonium hydroxide [TEAOH, 20
wt.%, Aldrich], morpholine [99 wt.%, Merck], diethy-
lamine [DEA, 99 wt.%, Merck] and triethylamine
[TEA, 99 wt.%, Merck] were used as SDAs. Fumed
silica and tetraethyl orthosilicate (TEOS) were cho-
sen as silica sources for preparing primary gels.

Aluminum isopropoxide was firstly mixed with
template (TEAOH, DEA, TEA or morpholine) and
deionized water and stirred for an hour. Silica source
(TEOS or fumed silica) was then added. Finally, with
continuous stirring, phosphoric acid (85 wt.% in
water) was added dropwise to the above solution.
The initial gel was further stirred and then placed in
a 30 ml Teflon-lined stainless steel autoclave. The
crystallization was conducted in an oven at a speci-
fied temperature and time. The synthesis conditions
of different samples are given in Table 2.

The solid product was recovered and washed
three times by centrifuging with distilled water, and
then dried at 110 °C. The as-synthesized crystals
were calcined at 560 °C in air for 5 h to remove the
organic template molecules.
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2.2. Characterization

Powder X-ray diffraction (XRD) patterns were re-
corded in step scanning on a Philips PW3050 X-ray
diffractometer by using CuK  radiation (  = 1.54 Å 
operating at 40 kV and 40 mA. The crystal mor-
phology and crystal size were analyzed by scan-
ning electron microscopy (SEM, Philips XL30 30
kV). The chemical composition of calcined samples
was determined by energy dispersive X-ray analyzer
(EDX, Philips XL30 30 kV). Thermo-gravimetric analy-
sis (TGA) was performed to detect the thermal de-
composition of amine templates of as-synthesized
catalysts using TA instrument (TGA-50, Shimadzu)
under an air flow (100 mL/min) at a heating rate of
20 °C/min from room temperature up to 900 °C. The
BET surface areas of calcined samples were deter-
mined from isotherm data of nitrogen adsorption data
in the relative pressure (P/P0  ra]ge of 0.05–0.30
obtained at 77.35K using Autosorb-1Quantachrome
analyzer.

Sample No. Template Al2O3 P2O5 SiO2 H2O

S1-S5 2 0.5 1 0.3 70
S6-S7 2 1 1 0.6 70
S8-S10 4 1 1 0.6 70
S11-S13 2 1 1 0.6 70
S14 4 1 1 0.6 70

Table 1. Molar composition in synthesis gel of dif-
ferent samples.

Sample No. SDA Silica source Temperature (°C  Time (hr) Phase

S1 TEAOH TEOS 200 24 SAPO-34
S2 TEAOH TEOS 200 14 SAPO-34
S3 TEAOH TEOS 200 6 SAPO-34
S4 TEAOH TEOS 200 3 Amorphous
S5 TEAOH Fumed silica 200 24 SAPO-34
S6 Morpholine TEOS 200 24 SAPO-5+SAPO-34
S7 Morpholine fumed silica 200 24 SAPO-5+SAPO-34
S8 Morpholine TEOS 200 24 SAPO-34
S9 DEA TEOS 200 24 SAPO-34
S10 DEA fumed silica 200 24 SAPO-34
S11 DEA TEOS 200 24 SAPO-34+

Cristobalite+ Augelite
S12 TEA TEOS 200 24 SAPO-5+SAPO-34
S13 TEA fumed silica 200 24 SAPO-5+SAPO-34
S14 TEA TEOS 200 24 SAPO-5+SAPO-34

Table 2. Synthesis conditions of different samples.

3. RESULTS AND DISCUSSION

3.1. Effect of the template source

Crystallization process in the synthesis of SAPO
crystals depends significantly on the type of SDA,
because both the nucleation and crystal growth
rates related to the alkalinity of the solution and the
interaction between the SDA and the inorganic spe-
cies. In our study, TEAOH, DEA, TEA, and
morpholine were used as templates for preparation
of samples. TEOS and fumed silica were chosen
as silica sources as well.

The XRD patterns of the samples prepared by
different templates are shown in Figs. 1-4. The XRD
patterns of all the synthesized samples match well

Fig. 1. XRD patterns of the samples synthesized
using TEAOH as template with different silicon
sources. S1: TEOS, S5: Fumed silica.
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Fig. 2. XRD patterns of the samples synthesized
using morpholine as template with different silicon
sources.S6: TEOS, S7: Fumed silica, S8: TEOS
(doubled concentration of morpholine).

Fig. 3. XRD patterns of the samples synthesized
using DEA as template with different silicon sources.
S9: TEOS (doubled concentration of DEA), S10:
Fumed silica (doubled concentration of DEA), S11:
TEOS.

Fig. 4. XRD patterns of the samples synthesized
using TEA as template with different silicon sources
.S12: TEOS, S13: Fumed silica, S14: TEOS
(doubled concentration of TEA).

Fig. 5. SEM images of the samples synthesized using TEAOH as template with different silicon sources.S1:
TEOS, S5: Fumed silica.

with those of SAPO-5 and SAPO-34 structures re-
ported in the literature [21]. As seen in Table 2, crys-
tallization time and temperature for these samples
are 24 h and 200 °C, respectively. The intensity and
position of each peak differs according to the type

and amount of template. It reveals that samples with
the same crystallization condition but using differ-
ent templates possess different crystal phase and
purity, even though different silicon sources have no
effect on the crystal phase and structure.

Fig. 1 shows XRD patterns of the samples syn-
thesized using TEAOH as template agent. Typical
powder diffraction patterns corresponding to the CHA
structure of SAPO-34 could be observed for both
samples prepared by TEOS and fumed silica. The
crystallinity of the product S1, however, seems to
be higher than sample S5 that it can be also con-
firmed by SEM image (Fig. 5). Yun-Jo Lee et al.
[17] claimed that by using TEAOH as SDA, the
major product was SAPO-5, though according to
our experiments and other literatures [15,16],
TEAOH leads mainly to SAPO-34. Van Heyden team
in 2008 [16] reported synthesis of SAPO-34
nanoparticles with diameters less than 400 nm by
taking advantage of colloidal precursor solutions in
the presence of tetraethylammonium hydroxide as
the template. In addition, Hirota et al. [15] accom-
plished to synthesize nanocrystals of SAPO-34 by
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Sample No.a     Compositions (mol. %)  
Si Al P Si/Al in product Si/Al in gel

S1 17.85 22.03 60.12 0.81 0.3
S2 18.98 27.96 53.06 0.68 0.3
S3 18.08 28.37 53.56 0.64 0.3
S5 4.14 19.62 76.25 0.21 0.3
S6 21.00 40.29 38.70 0.52 0.3
S7 19.70 40.04 40.26 0.49 0.3
S8 20.18 36.42 43.40 0.55 0.3
S9 19.47 37.67 42.86 0.52 0.3
S10 18.81 37.49 43.70 0.50 0.3
S11 18.19 35.45 46.36 0.51 0.3
S12 19.08 38.77 42.15 0.49 0.3
S13 20.57 42.46 36.97 0.48 0.3
S14 20.73 37.58 41.69 0.55 0.3

   

Table 3. Elemental compositions of calcined samples obtained by EDX analysis.

a: according to Table 2.

a dry gel conversion using tetraethylammonium
hydroxide (TEAOH) as a structure-directing agent
(SDA).

When morpholine is used as SDA, the crystal-
line phase of as-synthesized samples with the gel
molar composition of 1.0Al2O3: 1.0P2O5: 0.6SiO2:
2.0 Morpholine: 70H2O (Samples S6 and S7) is found
to be significantly different as seen in Fig. 2. Major
product is SAPO-5 with presence of minor one, i.e.
SAPO-34. This result is contrast with that of ob-
tained by Yun-Jo Lee et al. [17], where using
morpholine as a template agent with the same con-
centration, i.e. 2.0 Morpholine, led to pure SAPO-
34. The concentration of morpholine in initial gel
seems to be very effective, because when the con-
centration of morpholine is doubled (Sample S8),
phase transformation from SAPO-5 (AFI) to SAPO-
34 (CHA) is observed. Therefore, the concentration
of template agent has significant effect on phase
determination [22]. Qian Wang et al. [23] investi-
gated the effects of template concentration and crys-
tallization time on the physicochemical properties
of SAPO-34. The crystallinity and morphology of
SAPO-34 were influenced by the concentration of
the template. At low-TEA concentration, the prod-
uct was cocrystallized with AlPO4 and SAPO-5, and
the morphology of the crystal was irregular. Pure
SAPO-34 was obtained at the TEA/Al2O3 molar ra-
tio of more than 2.0. The relative crystallinity, crys-
tal size and surface area were greatly enhanced
with TEA concentration.

A similar result is obtained by using DEA as SDA,
in which different concentration of SDA used in ini-

tial gels leads to phase transformation (Fig. 3). XRD
patterns of sample S9 and S10 show pure SAPO-
34 crystals, using TEOS and fumed silica respec-
tively, with gel molar composition of 1.0Al2O3:
1.0P2O5: 0.6SiO2: 4.0 DEA: 70H2O. In contrast, by
reducing the template concentration (sample S11)
the crystalline phase is found to be quite different
from others, in which there are multiple components.
A significant part of SAPO-34 is transformed to two
other dense phases of AlPO4 structure called
Cristobalite and Augelite with strong reflections at
2  = 21.7and 2  = 22.2, respectively. This phase
transformation reduces the intensity of the charac-
teristic peak of SAPO-34 at 2  = 9.6. The observed
phase transformation indicates that SAPO-34 frame-
work with low template content is unstable, because
pure SAPO-34 samples (S9, S10) are obtained at
the same crystallization conditions.

SAPO-5 crystals are obtained when TEA is used
as a template with using both TEOS (Sample S12)
and fumed silica (Sample S13) as silica sources
(Fig. 4). SAPO-34 as minor phase can be seen from
XRD patterns. When the concentration of SDA in-
creases (Sample S14) no distinguishable phase
transformation is observed. However sharper peaks
suggest that the crystallinity increases by increas-
ing SDA concentration. Moreover by increasing the
concentration, the SAPO-34 peaks seem to be
stronger. Triethylamine is basically used as a tem-
plate for SAPO-5 synthesis [24,25] as seen in our
existing work, whereas, it have been successfully
applied instead of TEAOH as a cheap template in
the synthesis of SAPO-34 [17,26], owing that
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Fig. 6. SEM images of the samples synthesized using morpholine as template with different silicon
sources.S6: TEOS, S7: Fumed silica, S8: TEOS (doubled concentration of morpholine).

TEAOH is an expensive reagent, and using this will
result in an increase in the cost for the production
of the catalysts.

By all given above, it can be concluded that form-
ing the CHA (SAPO-34) or AFI (SAPO-5) structures
depend extremely on the template source. Also CHA
and AFI structures compete and the content of CHA
increases with an increase in concentration of tem-
plate. Based on this reason, with increasing the
concentration of morpholine, phase transformation
from AFI to CHA is occurred. The same results were
obtai]ed i] literatures [27–29]. Also it is show] that
with using different templates, different amount of
Si is incorporated into the framework of SAPO mo-
lecular sieves and same crystal morphology and
physicochemical properties are affected by the kinds
of templates. Moreover, the CHA content increases
with increasing the PH and the concentration of
heteroatoms incorporated in the molecular sieves
(such as Mg, Co, Si etc.) [30,31].

To determine the substitution degree of Si atom
in the frameworks, the elemental compositions of
the samples with different template and silica source,
i.e. S1-S14, obtained by EDX technique are given
in Table 3. It is found that the silicon distribution is
dependent on the choice of template used during
the synthesis. As shown, silicon to aluminum ratio
of all samples is higher than that of the gel mixture
which means more amounts of Si and/or remained

as amorphous silica phase on extra-framework.
While this ratio for samples S1, S2, S3 that were
synthesized with TEAOH as SDA is much higher
than that of others, indicating that using TEAOH as
SDA leads to higher incorporation of Si in SAPO
frameworks. Very lower amount of silicon than the
target value in final product of sample (S5) however,
shows that incorporation of larger amount of silicon
in SAPO-34 framework faces some difficulties at
least with the present recipe. Table 3 shows that
the Si to Al ratio of samples prepared by TEA (S14)
and morpholine (S8) increases with increasing in
concentration of template. This implies that phase
transformation from AFI to CHA occurred with in-
creasing in Si amount incorporated, even though
this result is not consistent with that for Mor/TEAOH
synthesis of SAPO-34 by Yun-Jo Lee et al. [17],
which was reported that the reduction of Si content
during synthesis of gel to half under the same syn-
thesis conditions led to the formation of only pure
SAPO-34 phase.

Figs. 5-8 show SEM images of synthesized
samples prepared by different templates. It is clear
that different morphology and crystal size are ob-
tained. Among the samples synthesized by TEOS
as silicon source, sample S1, shows spherical ag-
gregates of ]a]o-sized (400–750 ]m  cube type
SAPO-34 crystals where the aggregates show av-
erage crystal size of 2 m with homogeneous size
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Fig. 7. SEM images of the samples synthesized using DEA as template with different silicon sources.S9:
TEOS, S10: Fumed silica.

Fig. 8. SEM images of the samples synthesized using TEA as template with different silicon sources.S12:
TEOS, S13: Fumed silica, S14: TEOS (doubled concentration of TEA).

distribution (Fig. 5). According to the research done
by Yun-Jo Lee et al. [17] M15 sample (with
morpholine and TEAOH amounts in gel composi-
tion; 1.5 morpholine: 0.5 TEAOH), showed spheri-
cal aggregates of nano-sized cube type SAPO-34
crystals where the aggregates showed average crys-
tal size of 1 m. On the contrary, bigger crystals of
SAPO-34 with different size of 1-4 m, are formed
by using DEA (Sample S9) as SDA as shown in
Fig. 7. In the case of SAPO-34 synthesized by
Liping Ye et al. [32] with single TEAOH, homoge-
]eous crystals with small particle size of 0.3–0.8

m were obtained. By contrast, big crystals with
different size, ranging broadly from 3.1 to 9.1 m,
were formed in the case of SAPO-34 synthesized
with DEA only. This result means that the rate of
crystal growth varied closely with the type of SDAs
in the initial gel. Interestingly, as the molar content
of DEA increased in the gel, a simultaneous increase
of the crystal size was observed.

SEM results in Fig. 6 display that the sample
synthesized with the morpholine (S6) is constituted
of irregular crystal particles with some hexagonal
crystals and rarely cubic-like morphology, which is
typical for SAPO-5 and SAPO-34 crystals respec-
tively. By increasing the template concentration,
crystals of exclusively cubic shape are observed
with average crystal diameters of 2 m for the sample
S8 indicating the phase transformation from AFI to
CHA as confirmed by XRD patterns. With using TEA
as SDA (S12) smaller irregular crystal particles (300-
900 nm) are obtained comparing to that of obtained
by using morpholine (S6). Although by increasing
the TEA concentration (S14) more regular particles
with both hexagonal and rarely cube type morphol-
ogy are found (Fig. 8).

In the case of samples synthesized by using
fumed silica, SEM images of samples S5 and S10
exhibit the rhombohedral shape of typical SAPO-
34. Despite their similar crystalline shape, their
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Fig. 9. TGA analysis of as-synthesized samples
S1, S8, S9, and S14.

crystallite sizes differ and smaller cubic crystal is
observed for samples S10 comparing to sample S5.
This result means that the rate of crystal growth
varied closely with the type of SDAs and silicon in
the initial gel and the interaction between them.
Consequently, the nature of template used in syn-
thesis, not only influences the products structure
and crystal phase, but also determines the mor-
phology and crystal size of final crystals due to dif-
ferent rate of crystal growth.

The TGA profiles of samples S1, S8, S9, and
S14 are described in Fig. 9. TG results show three
weight losses (I, II, III  i] the ra]ge of 50–800 °C.
The first weight loss (I) in the low temperature range
of 50–200 °C with a] e]dothermic process is attrib-
uted to the water desorption from the sample. The
seco]d weight loss (II  betwee] 200 a]d 550 °C
with a strongly exothermic process is due to the
combustion decomposition of template. The third
weight loss (III  at temperature higher tha] 550 °C
with an exothermic process is likely associated with
the further removal of organic residue occluded in
the channels and cages of SAPO. The TG curves of
the samples S9 and S14 show similar patterns with
weight losses i] the temperature ra]ges of 50–200,
200–550, a]d 700-800 °C that it ca] be related to
close structural forms of templates DEA and TEA.
The TGA study indicates that complete decompo-
sition of template occurs at temperatures greater
than 500 °C. Hence the calcination was carried at
the said temperature during the present investiga-
tion.

3.2. Effect of silica source

The most influential of synthesis parameters on crys-
tal size and distribution is found to be the choice of
silica source. Fumed silica and TEOS, as an or-
ganic source of silica, were used to investigate the
influence of silica source material on the SAPO crys-
tallization, size and shape of crystallites. The fumed
silica is introduced to the reaction mixture in its
solid form; therefore its solubility plays an impor-
tant role during the synthesis whereas the organic
phase can dissolve TEOS and then it can be hydro-
lyzed in aqueous phase.

With each template agent, SAPO crystals were
synthesized with two different silica sources as
shown in Table 2. When TEAOH is used as a tem-
plate (samples S1, S5), SAPO-34 cubic crystals
with size of 5–15 mm are formed using fumed silica
as silica source, whereas smaller cube type aggre-
gated crystals with average crystal size of 600 nm
are found by using TEOS (Fig. 5), indicating that

the presence of fumed silica had little effect on the
morphology but did accelerate greatly the crystal
growth of SAPO-34. Also, narrower size distribu-
tion obtained by using TEOS as silica source,
whereas using fumed silica leads to wider particle
size distribution. Lin et al. [33] fabricated SAPO-34
nanoparticles with controlled shape and size through
choosing various source of silica, under microwave
radiation. Using both of the colloidal silica and solid
SiO2 powder resulted in same product, e.g. SAPO-
34 crystals with sheet-like morphology but a little
more aggregated in the sample which was prepared
using SiO2 powder as the silica source. Also, sub-
stitution of tetraethyl orthosilicate for colloidal silica
or SiO2 powder changed the morphology of particles
to a shape of irregular spheres significantly and pro-
duced uniform nanoparticles with sizes of about 100
nm.

In the case of morpholine as a template (samples
S6, S7), different morphology are obtained as shown
in Fig. 6. A mixture of hexagonal and cubic or rhom-
bohedral crystals with average particles size of 2

m and irregular shape crystals with average par-
ticles size of 3 m are obtained by using TEOS and
fumed silica respectively.XRD pattern in Fig. 2
shows that the degree of crystallinity for both
samples S6 and S7 are almost the same. These
results demonstrate that TEOS as the silicon source
could lead to finer particles, but has more or less
no effect on crystallinity of SAPO-5 molecular sieve.

Very smooth cube like SAPO-34 crystals (S9,
S10) are obtained by using DEA with both TEOS
and fumed silica (Fig. 7), although using TEOS gives
almost smaller particles.
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Sample No.a:    S1(24h) S2(14h) S3(6h)

SBET (m
2gr-1) :   366.5 363.5 240.02

Table 4. BET results for samples with different crys-
tallization time.

a: according to Table 2.

Fig. 10. XRD patterns of the samples synthesized
with different crystallization time at crystallization
temperature of 200 °C.

Fig. 11. SEM images of as-synthesizad samples with different crystallization time.

With using TEA as SDA, crystals with 300-900
nm in size are formed by using TEOS as silica
source (S12), while 1.5-2.5 mm particles were found
by using fumed silica (S13). Similar to previous re-
sults, TEOS gives finer crystals compared with that
of fumed silica (Fig. 8).

These morphology changes revealed that the
effect of different silica sources plays a crucial role
in the shape and size control of SAPOs crystals
due to different solubility and reactivity rate of silica
sources. Indeed, the same phenomenon that silica
source influences the particle size of other zeolites,
for example silicalite-1, has already been reported
which demonstrates that crystals formed by using
TEOS as silica source are much smaller than those
obtained by other silica sources [34].

3.3. Effect of crystallization time

Four samples (S1-S4) with different crystallization
time were synthesized to study the effect of this
parameter on crystallite size, crystallinity and mor-

phology. The powder XRD patterns of samples (the
gel molar composition is 0.5Al2O3: 1.0P2O5: 0.3SiO2:
2.0TEAOH: 70H2O) are shown in Fig. 10. The XRD
pattern of the sample are crystallized for 3 h dem-
onstrates that the sample mainly consists of the
amorphous phase. However, very weak peaks
emerge at 2 = 9.5° and 20.5°, suggesting the ap-
pearance of a very small amount of SAPO-34 crys-
tals. It can be confirmed from SEM image for sample
S4, (Fig. 11) that is shown the existence of a large
amount of amorphous phase of undefined morphol-
ogy with thimbleful cubic-like crystals of SAPO-34.
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The diffraction peaks of SAPO-34 become evi-
dent after 6 h and the amorphous phase almost dis-
appears when the samples are crystallized for more
than 14 h. The crystallinity further increases with
crystallization time and a fast transformation of the
crystalline phase is observed. Also, the crystallin-
ity reaches the highest amount at 24 h. The relative
crystallinity of 100, 90, 60, and 3% are observed for
samples S1, S2, S3, and S4, respectively, based
on XRD peak intensity of peak appearing at 2  =
9.5°.

Generally, SAPO-34 crystals grow larger and
larger with the crystallization time. Because aggre-
gation to form large pseudo-spherical particles hap-
pens quickly after crystal nuclei formation, control-
ling the suitable crystallization time is a key factor
in obtaining SAPO-34 with small crystals. As seen
in Fig. 11 the average crystal size of 400, 500, and
600 nm are obtained for the samples synthesized
at crystallization times of 6, 14, and 24 h, respec-
tively. However spherical aggregates of 600 nm cube
type SAPO-34 crystals are formed for crystalliza-
tion time of 24 h, where the aggregates showed av-
erage crystal size of 2 m with homogeneous size
distribution. The same results were obtained by Qian
Wang et al. [23] where before 2 h crystallization
time, the relative solid yield was low. A fast increase
in the yield was observed with the crystallization
time from 2 to 11 h. The solid yields were influenced
by the counteraction parameters between the dis-
solution of amorphous alumina into the solution and
the generation of crystals. After 11 h, the yield still
increased with a much flatter slope. Nishiyama et
al. [9] showed that the crystal size increased with
increasing crystallization time. The SAPO-34
sample after 24 h was very uniform with crystals of
about 800 nm in size. However, the samples in the
early stages of the synthesis contained amorphous
particles.

According to the results above, it can be con-
cluded that during the synthesis process of SAPO-
34 molecular sieves, after the formation of crystal
nuclei, they are capable of aggregating quickly to
form large pseudo-cubical particles. Thus, control-
ling the suitable crystallization time and careful ad-
justment of synthesis conditions is a way to obtain
SAPO-34 crystals with small size.

EDX results of Table 3 show that with increasing
the crystallization time, the silicon to aluminum
molar ratio increased.

BET surface area of the samples with different
crystallization time measured by nitrogen adsorp-
tion experiment is listed in Table 4. Considering
samples S3 to S1 in order, we see an increase in

crystallite size and crystallinty .Consequently, in-
creasing the crystallization time of the samples leads
to the rises in the surface areas from 240.02 to 366.5
m2g-1. In the case of samples S3, the surface area
is significantly lower than that of S1, S2.This obser-
vation strongly suggests that with decreasing crys-
tallization time the sample partially lost its crystal-
linity and it become amorphous. This result is con-
sistent with XRD patterns discussed earlier where
crystallinity is found to be increased with increas-
ing crystallization time. This result accords well with
the data obtained by Qian Wang et al. [23], which
showed that the surface area increases gradually
with increasing the template concentration, since
the crystallinity of SAPO-34 enhances, and the
impurity phase disappears.

4. CONCLUSIONS

Synthesis of SAPO crystals with small crystallite
size, which has been considered as a challenging
task to date, was successfully performed under
static conditions during crystallization. The effects
of template, silicon sources and crystallization time
on crystal phase, morphology, crystal size and
crystallinity were investigated and the results were
compared with those of obtained from other investi-
gations reported in this field. The products were
characterized by XRD, SEM, EDX, BET and TGA.
The XRD patterns reveal that samples with the same
crystallization condition but using different templates
produce different crystal phase and purity, even
though different silicon sources have no effect on
crystal phase and structure. Yun-Jo Lee et al. [17]
claimed that by using TEAOH as SDA, the major
product will be SAPO-5, though according to our
experiments and other literatures [15,16], TEAOH
leads mainly to SAPO-34. Also, the results show
that TEA is an appropriate template for synthesis of
SAPO-5. The concentration of SDA is a crucial fac-
tor when DEA or morpholine is used. The more the
concentration of morpholine, results in phase trans-
formation from AFI to CHA .That is comparable to
that of obtained by Qian Wang et al. [23] where
with increasing the template concentration, phase
transformation occurred. Using TEOS as silica
source, results in finer particles with narrower size
distribution for almost all samples. In particular,
nano-sized crystals obtained by using TEOS as
silica source with both TEAOH and TEA as SDAs.
According to our work and other researches, Crys-
tallization time has a significant effect on crystal
size and crystalliniy. Amorphous phase obtains at
the early stage of crystallization time. The crystal
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size increased with increasing crystallization time.
Afterward, the crystallinity level off and the crystal
size become larger.
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