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ABSTRACT: An account is presented on investigation of the effects of synthesis parameters, i.e.,
reaction sources, silica to alumina ratio, acid molar ratio and crystallization conditions on the
crystallinity, morphology and particle size of SAPO-34. The synthesis conditions were designed
to produce small particles with narrow size range. The prepared samples were characterized by XRD
and SEM techniques in order to evaluate the crystallinity, morphology and particle size. The XRD
pattern was used to evaluate the crystallinity and phase purity. The phase purity of some samples,
including SAPO-18 was determined by DIFFaX analysis from XRD data. The results were shown
that formation of SAPO-18 is enhanced by increasing the acid content in the primary mixture.
lower Si/Al ratio in a primary mixture resulted in production of AIPO’s and SAPO-5 impurities.
The type of template, silicon and aluminum source, acid concentration, agitation during
crystallization, temperature and time of crystallization were found out as the significant parameters
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for controlling crystallinity and purity, particle size and morphology of the product.

KEY WORDS: SAPO-34, Crystallinity, Synthesis parameter, Particle size.

INTRODUCTION

Silicoaluminophosphate (SAPO) molecular sieves
form a new class of microporous crystalline materials
comparable to well known zeolites commonly composed
of AlQ4, PO, and SiO, tetrahedron [1-4]. SAPO-34 is
a silicoaluminophosphate with the formula of Si,Al,P,O,,
where x = 0.01 — 0.98, y = 0.01 — 0.60, z = 0.01 — 0.52,
andx +z =y [5].

Small-pore SAPO-34 with chabazite (CHA) structure
and pore diameters of approximately 0.38 nm has received
great attention in recent years due to its high selectivity
to light gases separation [6-7] and methanol to olefin
reaction [8-10]. Recent researches have been focused
on production of small and pure zeolite and zeolite-like
particles  with

narrow  particle size distribution

due to considerable increase in their catalytic and
separation performances [11-13].

To control particle size, morphology and crystallinity,
it is important to understand the growth mechanism(s).
There are number of studies reported on investigation of
synthesis parameters of SAPO-34 such as synthesis
method [13-14], templating agent [8,10] and heating
method [15-16]. Hirota and co-workers [13] examined
the synthesis of nanocrystals SAPO-34 by control
of crystal growth with use of a dry gel conversion method.
Also, size control of SAPO-34 crystals investigated
by using various templating agent [10] and the shape and
crystal size of SAPO-34 controlled by using various
source type and the H,0/Al,0; molar ratio with
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Table 1: Composition of reaction mixtures.

Source Reaction \
Sample No. Molar composition
Al Si Temp. (K) | Time (h) | Agitation

S1 ALO;s : 0.4Si0, : 1P,0s :50.0H,0 : 3.0TEA AH*® SG*© 453 48 No

S2 ALO; : 04Si0; : 1P,0s : 50.0H,0 : 3.0TEA AIP® Nel 453 48 No

S3 AlLOs : 0.4Si0, : 1.0P,0s :50.0H,0 : 2.0TEAOH : 8.0C,HsOH AIP TEOS 453 48 No

S4 ALOj; : 0.4Si0; : 1.0P,0s : 50.0H,O : 2.0TEAOH AIP SG 453 48 No

S5 ALOs : 0.4Si0, : 1.0P,0s : 50.0H,0 : 2.0TEAOH AIP SG 453 72 No

S6 ALOs : 0.24Si0, : 1.2P,05 : 57.0H,0 : 1.2TEAOH AIP SG 473 24 Yes

S7 ALOs : 0.4Si0, : 1.2P,0s : 57.0H,0 : 1.2TEAOH AIP SG 473 24 Yes

S8 ALO; : 04510, : 1.2P,0s : 57.0H,O : 1.2TEAOH AIP SG 473 48 Yes

S9 ALO; : 0.6510; : 1.0P,0s :57.0H,O : 1.2TEAOH AIP SG 473 24 Yes

S10 ALOs : 0.6Si0, : 1.0P,05 : 57.0H,0 : 1.2TEAOH AIP SG 473 24 No

S11 AlLO; : 0.4Si0, : 1.0P,05 :50.0H,0 : 2.0TEAOH : 8.0C,HsOH AIP TEOS 453 48 Yes

S12 ALOj; : 0.4Si0; : 1.0P,Os : 50.0H,O : 2.0TEAOH : 8.0C,HsOH AIP TEOS 453 48 No
\ S13 ALOj; : 0.4Si0; : 1.0P,0s : 57.0H,0 : 1.2TEAOH AIP SG 473 24 Yes /

a) Aluminium hydroxide, b)Aluminium isopropoxide, c)Silica gel, d)Tetra-ethyl orthosilicate.

microwave heating source [15]. However, a comparative
study has been remained for this research to determine
the effect of various conditions and sources on the quality
of the synthesized product. This work attempts to verify
the synthesis of fine and uniform crystalline particles of
SAPO-34 and establish a relation between the synthesis
parameters and particle size and crystallinity of
the prepared material. The comprehensive investigation
on the influence of synthesis parameters, including
the reagent source and composition of reaction mixture,
time and temperature of reaction and agitation during
crystallization on crystallinity, purity, morphology and particle
size of the resulted phase has been discussed in detail.

EXPERIMENTAL SECTION
Reagents

Aluminium isopropoxide (98 wt.%, Merck) and
aluminium hydroxide (Merck), silica gel 60 (Merck) and
tetraethyl orthosilicate (TEOS), tetraecthyl ammonium
hydroxide (35 wt.%, Aldrich), triethanolamine (99 wt.%,
Merck) and H;PO, (85 wt.% aqueous solution, Merck)
were selected as the reaction sources. High purity ethanol
(99.9 wt.%, Merck) was used as the solvent only if TEOS
was chosen as the silica source.

Synthesis method
SAPO-34 samples were prepared in sol-gel media
using hydrothermal crystallization process. The reaction
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mixture was prepared by mixing phosphoric acid and
deionized water with Aluminium source (i.e. Aluminium
isopropoxide or aluminium hydroxide) in a 500 mL
Pyrex beaker bellow room temperature until a
homogenous mixture was obtained. The organic template
(i.e. TEA or TEAOH) was then added to the mixture, and
the mixing was continued for another 10 to 30 min.
Afterward the silica source (i.e. TEOS or silica gel)
was added to the mixture, and finally the reaction mixture
was aged for 12 h at room temperature.

The hydrothermal process was carried out in Teflon-
lined autoclave under autogenous pressure at an adjusted
temperature for a fixed period of time. The crystallization
reaction was carried out at crystallization temperatures of
453 and 473 K, crystallization times of 24, 48 and 72 h
and in presence or absence of agitation. The solid product
subsequently was separated from its mother’s liquor
by centrifugation and washed with distilled water until
the pH was approached to 7; afterward it was calcined
in the air atmosphere at 750 K for 5 h to remove organic
template molecules at a heating rate of 0.6 K/min. The
molar composition of reaction mixture, the sources of
material and the conditions

synthesis synthesis

are presented in Table 1.

Characterization
The characterization of samples was carried out by
a Philips PW3050 X-ray diffractometer using CuKa
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Table 2: Relative crystallinity and particle size of samples.
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~
Sample S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 SI12 S13
Result
R.C.*% NM® | 434 | 664 | 678 | 1000 | 364 | 418 | 469 | 552 | 430 | 43.1 | 369 | 535
_ PSSmm) NM 7.8 0.4 14 2.7 0.3 0.5 0.7 0.8 14 NM NM 16 )

a) Relative crystallinity, b) Not measured, c) Max dimension of particle size evaluated by SEM photographs.

* SAPO-18 o SAPO-S
+APO-34  APO-5
S13

s

si

Intensity
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Fig.1: X-ray diffraction pattern of resultant samples.

radiation (A =1.5418 °A) operating at 40 kV and 40 mA
with a graphite monochromator in the diffracted beam path.
The step size and time were selected 20 of 0.04° and 10 s,
respectively. The relative crystallinity of the products
was determined based on the X-ray diffraction data
of the three most intense peaks at 20 of 9.5°, 20.6°, and
30.8°. The sample with the highest crystallinity was used
as the reference to calculate the relative crystallinity
of the samples.

Furthermore, the diffracted intensity algorithm, DIFFaX,
was used for calculation of CHA to AEI ratio because of
presence of SAPO-18 impurity with AEI structure in
some products [17]. Scanning electron microscopy (SEM,
Philips XL30 30 kV) was employed to obtain the size and
morphology of the crystalline products.

RESULTS AND DISCUSSION

Investigation of the results demonstrated influence of
many factors, including the type and/or amount of reagent
sources (i.e. silica, alumina and template) and the reaction
conditions (i.e. time, temperature and agitation)
on the crystallinity, morphology and particle size. Among

these factors, the type and amount of reagent sources had

more pronounced effects. Fig. 1 shows the X-ray
diffraction pattern of the samples prepared at different
experiments. In order to detect the presence of phase
impurity, the obtained patterns were compared with
reference pattern [18]. The impure phases were detected
in some experiments such as SAPO-5 and SAPO-18
coexisting in the final product of SAPO-34. Fig. 2
exhibits the SEM photo of prepared samples. Also, Table 2
include of relative crystallinity and particle size of
samples was prepared by using resulted XRD patterns
and SEM photographs. The effect of the synthesis
parameters has been discussed in detail in the following

sections.

Effect of reaction source

The reagent sources affect the physical and chemical
behavior of reaction mixture. Variation of the reagent
source causes significant changes in the synthesized product.
The effect of source materials from most common
sources is investigated according to the following.

Aluminium source

Because of the high aluminium content in zeotypes,
it is difficult to prepare actual homogenous precursor
mixture. In this way using desirable aluminium source
would help making uniform reaction mixture and thereby
increasing phase purity and crystallinity of product. Among
aluminium sources, Aluminium IsoPropoxide (AIP) can
dissolve at room temperature, whereas dissolution of
Aluminium Hydroxide (AH) in aqueous media requires
more severe conditions. Samples S1 and S2 have been
prepared in the same condition by AH and AIP,
respectively). The non-homogeneous precursor obtained
from reagent sources of sample S1 compared with S2
clearly indicated that using organic base of aluminium
may lead to a more homogeneous reaction precursor.
The SAPO yield of S1 was so inconsiderable that
any analyses could not be taken.
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Fig. 2: SEM photographs of the samples.
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Silica source

Silica source is one of the most influenced synthesis
parameters on the particle size and morphology.
A systematic study of the type of silica source on particle
size of zeolites in the presence of the template agent
has been reported elsewhere [19].

Silica gel and TEOS were used as an inorganic and
organic source of silica, respectively, to study the
influence of silica source on the size and crystallinity of
the SAPO-34 product. During preparation of synthesis
solution, silica gel was introduced directly to the aqueous
reaction mixture without addition of any organic solvent
(sample S4); whereas ethanol was employed as
the solvent of TEOS (sample S3). As seen in the present
study, silica gel exhibited lower reactivity compared to
TEOS; whereas the higher reactivity of TEOS was
achieved due to the faster hydrolysis resulted in the
higher rate of nucleation and crystallization [20].
As shown in Table 2, because of Si incorporation in the
framework, the difference of relative crystallinity of S3
and S4 is not significant, although the XRD pattern of S3
was found to have significance broader smaller crystallite
size rather than S4. The particle of cubic shape with the
relatively narrow range of 0.1 to 0.4 microns were
observed for sample S3 in SEM image of Fig. 2, while the

particle size of S4 was evaluated around 0.1 to 1.4 microns.

Structure-directing agent

The elemental composition, local microscopic
structure and morphology of a specific zeotype may
change using different types of templates. Furthermore,
one template may produce zeotypes with different
structures by varying the synthetic conditions and
one type of molecular sieve could also be synthesized
in the presence of different organic templates [21-22].
Two templates of TEA and TEAOH were used
comparatively, as an organic structure directing agent
in this study. The results revealed that using different
templates, TEA and TEAOH, produced different particle
size, crystallinity and purity. Clearly, addition of TEA
resulted in the reduction of the number of nuclei formed
in the high amount of aluminate in synthesis solution,
according to the fact that TEA forms complexes with free
aluminate anions in the solution [19]. It is noted that the
TEA can be used as a template for either SAPO-5 or

SAPO-34, and less SiO, in the gel favors to SAPO-5
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Table 3: The effect of acid molar ratio on morphology and

phase purity of samples.

(Sample Acid molar ratio* | Crystal shape ” CHA-AEI % ° A
S6 1.2 Slice-like 100-0
S7 12 Slice-like 6-94
S8 12 Slice-like 13-87

_ S13 1.0 Cubic 100-0 )

a) Acid molar composition ratio in reaction stoicheometry ,
b) Evaluated by SEM photos, c¢) Calculated by DIFFaX that

spots binary structures; the other by-product may exist too.

formation [5]. SEM photos of S2 and S4 in Fig.2
has shown that TEAOH can produce SAPO-34 with
higher purity and smaller particle size less than 1.4 pm,
while using TEA caused to the presence of impurity and
oversize particles. Moreover, XRD analysis of S2
indicating low relative crystallinity and presence of
SAPO-5 as undesirable crystallite phase, confirms
the obtained results from SEM photos. The absence of
a baseline drift and high peak intensity with no line
broadening of S4 indicated high crystallinity when using
TEAOH as the template. As shown in Table 2,
the relative crystallinity of the sample S2 was calculated
to be 64.0% of the sample S4.

Effect of acid ratio

Table 3 indicates the sensitivity of crystallization
to the amount of acid in reaction precursor and suggests
the possibility of synthesized SAPO with different
morphologies by varying the amount of acid, which
allows forming AEI impurity in final product.
By enhancement of the acid molar ratio in the precursor
mixture from 1.0 (sample S13) to 1.2 (sample S7),
formation of SAPO-18 with smaller dimensions was
dominated in crystalline product and indicated more
impurities whenever the higher acid concentration is used
in primary reaction mixture. In addition observing 21.9%
reduction of relative crystallinity of S7 compared to S13
can be explained by different crystallization condition of

AEI compared to CHA.

Effect of Si/Al ratio

The effect of Si/Al ratio on the results of
polycrystalline samples of S6 and S7 was confirmed by
some previous reports [23-25]. Low Si/Al ratio may lead
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to the formation of some crystalline phases of AIPO’s
because the low silicon amount may cause incomplete
incorporation of silicon in aluminophosphate structure
units. Presence of AIPO-5 and AIPO-34 crystalline phase
with AFI and CHA structures, respectively, was
confirmed by comparison of XRD pattern of sample S6
with references [26-27]. According to Table 2, by
increasing Si/Al ratio from 0.24 (sample S6) to 0.4
(sample S7), the enhancement of particle size and 14.8%
improvement of relative crystallinity were observed.

Effect of reaction condition

It was found that the crystallinity and size of SAPO-34
affected dramatically by the temperature, time and mixing
condition of crystallization reaction. The interactive effect
of the time and temperature of reaction on the
crystallinity and size of product could be deduced from
using the wide ranges of time and temperature
in production of SAPO-34. The less crystallization time
may be used to control the particle size of product
at the higher reaction temperatures to avoid growing
the particle size, whereas at lower temperatures, crystallization
time may be prolonged to compensate low crystallization
reaction rate. However, to minimize the ultimate particle
size by controlling the crystal growth, relatively lower
crystallization temperatures should be employed. Lower
temperatures favor the nucleation since the activation
energy required for crystal growth is usually higher [28].
Nonetheless, the short time hydrothermal treatment of
precursor solution and/or low crystallization temperature
may results in non-fully crystalline SAPO-34 thereby
low product crystallinity.

The effect of crystallization time can be seen
comparatively from samples S4 and S7, which were
prolonged further 24 h to form S5 and S8, respectively.
The intensity and sharpness of the diffraction peaks
in XRD patterns of both samples increased as the reaction
time was exceeded, which implied more crystallinity and
larger particle size of S5 and S8 as could be observed
in Table 2. It was observed 47.5% improvement of the
relative crystallinity of S4 within formation of S5
by increasing the time of reaction from 48 to 72 h, whereas
crystallinity enhancement was 12.2% by time prolongation of
S7 (24 h) to produce S8 (48 h). Furthermore, it can be
seen from Table 3 that AFEI ratio decreased inconsiderably
as time enhanced for S7 to form S8.
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Furthermore, the agitation during crystallization was
found to have positive effects on the crystallinity,
including the decreasing particle size and obtaining
narrow range of particle size, because agitation
can improve nucleation and provides homogenous
reaction and supports uniform accessibility of nuclei’s to
reaction precursors. The resultants of S9 and S10 from
Fig. 2 and Table 2 indicated that accomplishment of
reaction in agitated mode yielded the more crystalline
product with lower particle size around 750 nm and
narrower size range respect to the static mode reaction
with particle size of 0.1 to 2 pm. Production of S9 by
agitation during the hydrothermal reaction led to relative
crystallinity of 28.4% higher than the static mode of S10.
The same trend was obtained for S11 and S12 through
16.8 % improvement of relative crystallinity.

CONCLUSIONS

The main objective of this study was the synthesis of
SAPO-34 at different designed conditions and investigation
of influential synthesis parameters on product quality
regarding to crystallinity, phase purity and particle size.
Among many parameters, the effect of reagend sources
and stoichiometry, temperature and time of reaction
as well as agitation during crystallization was investigated
in this research. The type of template, aluminium and
silica source, Si/Al ratio and acid content were selected
as the synthesized parameters. The qualification of the product
was tested for the response factors as crystallinity, phase
purity, the shape and size of crystalline product.

S5 was the best qualified product according to the
crystallinity which was prepared with Aluminum
isopropoxide, silica gel and TEAOH with stoicheometry
of Al,0;:0.4510,:P,05:50H,0:2TEAOH at 453 K for 72 h
at the static condition. The obtained particles were found
to be cubic. However, the particles were somehow
non-uniform and large up to 2.7 um because of the high
reaction time.

The least particles sizes could be achieved by using
TEOS instead of silica gel, such as the sample S3, with
particle size of 0.4 um. However, its lower crystallinity
may be explained by its low reaction time of 48 h.

The higher molar ratio of acid in the precursor
mixture caused to the formation of phase impurity of
SAPO-18 and prolongation of crystallization time
led to production of the high amount of impurity. Furthermore,
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the low ratio of Si/Al led to the formation of some
AIPO’s in final product.

The most uniform cubic-shape particles were
obtained by agitation, which can be seen in the sample S9
with particle size of 0.5 to 0.8 um. It should be
noted that this sample with stoicheometry of
Al05:0.6S10,:P,05:57H,0:1.2TEAOH was formed by
the low TEAOH content. Use of TEAOH in precursor
mixture resulted in considerably higher crystallinity,
more reduction of particle size and production of pure
phase of SAPO-34 in comparison of TEA as template.
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