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Crystallization of SAPO-5 and SAPO-34 molecular sieves with microwave and conventional electric heating
of the same gel has been investigated in an akaline condition using N,N,N’,N’ -tetraethylethylenediamine as a
template molecule. SAPO-5 structure can be selectively prepared with microwave heating because of the fast
crystdlization of the technique. On the other hand, SAPO-34 is the sole product with usual conventional
electric heating because SAPO-5 can be gradually transformed into SAPO-34 structure with an increase in
crystdlization time. This phase selectivity is probably because of the relative stability of the two phases at the
reaction conditions (kinetic effect). Crystallization with microwave heating can be suggested as a phase
selective synthesis method for relatively unstable materials because of fast crystallization.
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Introduction

Porous materials including zeolites and a uminophosphate
molecular sieves (AIPO)! are widely used in catalysis and
separation, and are being developed for new applications.?
Therefore, the phase sdective crystdlization of pure
aluminophosphate type microporous materials is very
important for applications and characterization.

Up to now microporous materials have been synthesized
mainly by conventiona electric heating using an autoclave.
Since the pioneering works to use microwave technique in
the synthesis of porous materials,>® it has been understood
that synthesis of zeolites and AIPO by microwave heating
has many advantages such asfast crystallization,*® increased
phase purity,” narrow particle size distribution®® and facile
morphology control.’®! The synthesis of an inorganic
materiad by using microwave hegting technique is very
efficient to analyze the effect of reaction conditions™
because of the fast crystalization of the technique.

Phase selectivity by using microwave heating, however, is
not well known. By using microwave hesating, preferential
formation of zeolite NaY over zeolite P has been reported.’
Similarly, we have reported that SAPO-5 and VAPO-5 rather
than SAPO-34 and VAPO-34 can be synthesized prefer-
entially by microwave heating.**** On the contrary, CoAPO-
34 and CoAPO-5 can be obtained by the crystalization
using microwave heating and conventiona electric heating,
respectively, because the CoAPO-5 is more stable than
CoAPO-34. The selective crystallization of NaY, SAPO-5,
VAPO-5 and CoAPO-34 has been explained with the
relative stabilities (kinetic effect) of microporous materials
such as NaY, P, MeAPO-5 and MeAPO-34."1314

AFI type molecular sieves (AFI)™® such as AIPO-5 and

CoAPO-5 with one-dimensional channel of 0.73 nm have
been one of the best known AIPO type molecular sieves.
CHA type molecular sieves (CHA)™ such as SAPO-34 and
CoAPO-34 with small channel of 0.38 nm have been used as
catalysts in the petrochemical industry such as the * methanol
to olefin’ (MTO) process.’®* The AFI and CHA molecular
sieves have hexagonal and trigonal structures, respectively.™

The AFl has been usudly synthesized only in acidic
conditions; however, SAPO-5 and VAPO-5 can be selec-
tively crystalized in an alkaline condition in the presence of
triethylamine (TEA) by using microwave heating tech-
nique.’*'*18 The synthesis of a molecular sieve in a wide
range of pH is very important to understand the synthesis
mechanism and to find an efficient way to prepare the
material. So far, the synthesis of AFI from an akaline gel
has not been reported excluding our results on the SAPO-5
and VAPO-5 using TEA 131418

Molecular sieves including zeolites and AIPO have been
usually prepared in the presence of suitable templates. The
relationship between a template and the structure that
obtained from the template (structure-template specificity)
depends greatly on the type of molecular sieves. AFl and
CHA are some of the structures to form readily with many
different templates (more than 85 and 30 templates, respec-
tively).’® However, the utilization of N,N,N’,N’-tetraethyl-
ethylenediamine (TEEDA) for the synthesis of AFlI and
CHA isnot well known.**?

Herein, we report the phase selectivity or competitive
crydtalization of SAPO-5 and SAPO-34 from an dkaline
gel containing TEEDA as a template using microwave and
conventional electric heating. The synthesis of SAPO-5
from an akaline gel containing TEEDA asatemplateisalso
discussed.
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Experimental Section

SAPO-5 and SAPO-34 molecular sieves were synthesized
hydrothermally using pseudoboehmite (Catapal A, Vista),
phosphoric acid (85 wt.%, Aldrich), N,N,N’,N’-tetraethyl-
ethylenediamine (98%, Aldrich) and deionized water to
follow the method reported earlier.’®** Silicasol (Ludox HS-
40, 40 wt.%, Aldrich) was used as the silica sources.
Pseudoboehmite was added to the diluted phosphoric acid
solution, and stirred until a white uniform gel was obtained.
The template (TEEDA) and silica sol were added
successively to the gel, which was dtirred to an uniform
reaction mixture. The typical reactant composition for the
synthesis was 1.0Al,0;: 1.0P,0s: 0.333Si0; : 3.0TEEDA :
50H20 (pH = 9.0). The composition of SO, was adjusted to
have the concentration of approximately 2Si/unit cell (24 T
atoms). The reaction conditions for the typical cases are
summarized in Table 1.

The gel (~40 g) was loaded in 2100 mL Teflon autoclave,
which was sedled and placed in a microwave oven (Mars-5,
CEM, maximum power of 1200 W). The autoclave was
heated to the reaction temperature of 200 °C and kept for a
predetermined time. The reaction temperature was control-
led using EST-300 Plus system (Electronic Sensor—
Temperature) that monitored and controlled temperature
conditions inside sample vessels. In this system, a micro-
wave transparent fiberoptic temperature probe was inserted
into a thermowell of a sample vessd. The temperature
sensor was a phosphor located at the tip of the probe. The
decay rate of fluorescent light emitted from the phosphor is
temperature dependent, allowing a precise determination of
temperature. For safety, the temperature of the reaction
vessd in the microwave oven was measured using an
optional TempGuard™ system. An infrared lens and sensor
were located in the microwave oven and the temperature of
each vessel was measured as the vessels rotated over the
sensor. If the temperature in any vessel was higher than the
maximum allowable temperature, the TempGuard™ stopped
microwave generation.
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For conventional electric crystallization, the gel was
loaded in a Teflon lined autoclave and put in a preheated
electric oven (temperature was same as that of microwave
oven) for afixed time without agitation. After the reaction,
the autoclave was cooled to room temperature, and the solid
product was recovered by centrifugation and dried overnight
at 105 °C. The molecular sieves were calcined at 550 °C in
an dectric furnace to remove template molecules. No extra
separation procedure was conducted to remove impurities or
amorphous gel.

The phase of the samples was determined using an X-ray
diffractometer (Rigaku, D/IMAX I11B, CuK; radiation) and
the surface area was measured with a BET system (Micro-
meritics, ASAP2400) at —196 °C after evacuation at 300°C.
The chemical composition (Al, P, S)) was analyzed using an
energy dispersive X-ray spectrometer (Philips, XL30S FEG).
The yield of the solid product was calculated by comparing
the amount of recovered solid with the total weight of TO4
(in the gel) such as Al»Os, P,Os and SIO; and by evaluating
the relative XRD intensity (1 0 0) planes of SAPO-5 and
SAPO-34). The contribution of the template and water was
corrected with a weight loss at 700 °C, determined with a
TGA system (Du Pont 9900).

Results

Figure 1 shows the XRD patterns of SAPO molecular
sieves synthesized from crystalization of an alkaine ge
containing TEEDA as atemplate in various conditions. The
XRD patterns of Figures 1(a) and (b) correspond to the
pattern of known AFI structure” and Figure 1(d) correspond
to the XRD pattern of CHA structure.” The XRD patterns of
Figure 1(a) and 1(b) are nearly identical to show little
change of the structure with the crystallization time (0.5-2
h). Figure 1(c) shows the pattern of mixed phases of AFI and
CHA, which represents the mixtures containing SAPO-5
and SAPO-34 are obtained in the early stage (12 h) of the
conventiona heating and the SAPO-34 is the sole product
after 48 h of reaction. The SAPO molecular sieves obtained

Table 1. The preparation conditions and results for the synthesis of the SAPO molecular sieves®

Sample Heating Heating . d Crydtallization SI/(S+Al+P)
Number Method® Time (h) Obtained Phase* Seer yield (%) (atom %)
A MW 05 SAPO-5 (100) 300 25.1 8.1
B MW SAPO-5 (100) 300 65.6 74
C MW 2 SAPO-5 (100) 310 79.0 85
SAPO-5 (78.0) 28.0

De CE 12 370 8.6
SAPO-34 (22.0) 7.9
SAPO-5 (75.8) 63.6

E° CE 24 390 7.6
SAPO-34 (24.2) 20.3

F CE 48 SAPO-34 (100) 650 79.0 8.6

3Composition of reaction mixtures was Al,Os : 1.0P:Os : 0.33Si0; : 3.0TEEDA : 50H,0 (pH = 9.0), Reaction temperature was 200 °C. "MW: micro-
wave heating, CE: conventional electric heating. °The figures in parentheses are the relative content of the phase (SAPO-5 or SAPO-34). “BET surface
area (m?g). *Mixture of SAPO-5 and SAPO-34 was obtained. ‘Determined for the mixture of SAPO-5 and SAPO-34.
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Figure 1. XRD patterns of SAPO molecular sieves synthesized
from same akaline gel containing TEEDA with microwave and
conventional eectric heating ((8): microwave heating for 0.5 h,
sampleno. A of Table 1; (b): microwave heating for 2 h, sample no.
C of Table 1; (c): conventional electric heating for 12 h, sample no.
D of Table 1; (d) conventiona electric heating for 48 h, sample no.
D of Table 1).

by microwave heating show typical hexagona prism as
shown by the SEM images (Figs. 2(a) and (b)), whereas, the
SEM image of Figure 2(c) shows a mixture of hexagonal
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prism and cubic or rhombohedral morphology. The crystals
obtained from conventiona heating for 48 h show large
cubic or rhombohedral morphology (Fig. 2(d)).

The detailed synthesis results including crystallization
yidd and BET surface area are summerized in Table 1. As
shown in Figure 1 and Table 1, SAPO-5 is obtained by
microwave heating, whereas, SAPO-34 is produced by the
conventional electric heating at the later stage of the
reaction. All the SAPO molecular sieves are microporous,
having BET surface area of 300-650 m?/g depending on the
structure and composition. Considering the BET surface
area of SAPO-5 and SAPO-34 and the relative composition
of the products (Table 1), the produced SAPO molecular
sieves seem free from amorphous or non-porous materialsin
high content. The S/(Si+Al+P) ratios of the product are
from 7.4-8.6, not showing any dependence on the reaction
conditions. Moreover, the obtained ratios are similar to the
ratio of the reactant mixture of 7.62 atom %. These results
described above demonstrate that SAPO-5 and/or SAPO-34
may be produced in highly pure state from an alkaline gel.

The crystallization yields calculated from the obtained
weight and XRD intensity are also shown in Table 1. The
total yield (SAPO-5 and SAPO-34) increases with the
crystallization time for both crystallization methods. In the
case of conventional heating, SAPO-34 content increased
with the crystallization time, whereas the yield of SAPO-5
increased with time up to 24 h and disappears after 48 h of
reaction. The change of crystdlization yield with reaction
time and heating method is compared in Figure 3. As shown
in Figure 3(b), the SAPO-5 transforms into SAPO-34 with
the increase of crystdlization time for the conventional
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Figure 2. SEM images of SAPO molecular sieves synthesized from same akaline gel containing TEEDA with microwave and conventional
electric heating ((a): microwave heating for 0.5 h, sample no. A of Table 1; (b): microwave heating for 2 h, sample no. C of Table 1; (c):
conventiona electric heating for 12 h, sample no. D of Table 1; (d) conventional electric heating for 48 h, sample no. D of Table 1).
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Figure 3. Competitive formation of SAPO-5 and SAPO-34 with
(@ microwave heating and (b) conventional electric heating.
Reactant composition was Al,Os : 1.0P,0s : 0.33S 0, : 3.0TEEDA :
50H;0 (pH = 9.0), and the synthesis temperature was 200 °C.

electric heating.

Figure 4 shows the XRD patterns of SAPO molecular
sieves synthesized from neutra gel (Al;Os: 1.0POs:
0.33Si0,: 2.0TEEDA : 100H.O; pH=7.6) a 190 °C.
Similar to the synthesis of SAPO molecular sieves from an
dkaine gd, the SAPO-5 and SAPO-34 are the magor
products of the crystallization of neutral gel with microwave
and conventional electric heating, respectively.

Discussion

The microwave heating technique has many advantagesin
the hydrothermal synthesis of inorganic materials. For
example, microwave technique can be utilized in the
synthesis of relatively unstable molecular sieves such as'Y,
SAPO-5, VAPO-5 and CoAPO-34 because of the fast
crystallization of the technique.

In this study, SAPO-5 and SAPO-34 are obtained from the
crystalization of an akaline gel using microwave and
conventiona electric heating, respectively (Table 1, Figs. 1,
2). This phase sdlectivity is also observed in wide reaction
conditions including neutral (Fig. 4) or acidic gel*® using
TEEDA as a template. Similar to the previous results® the
SAPO-5 synthesized by microwave heating should have
similar physicochemical properties to the one synthesized by
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Figure 4. XRD patterns of SAPO molecular sieves synthesized
from same neutral gel containing TEEDA with microwave and
conventional eectric heating at 190 °C. Reactant composition was
Al,03: 1.0P,0s : 0.33Si0, : .OTEEDA : 100H,0 (pH =7.6) ((a):
microwave heating for 2 h; (b): conventional electric heating for
84 h).

conventional electric heating considering the similar BET
surface area, morphology and XRD patterns.

As reported by Concepcion et al.?* and Inoue et al.,® AF
(MgAPO-5 and SAPO-5) transformsinto CHA (MgAPO-34
and SAPO-34) with increasing reaction time. This phase
transformation was explained by the increased solubility of
AFI?* and small crystalite size of AFI,® and may indicate
that CHA is more stable than AFI at the reaction condition.
We aso reported the phase transformation of SAPO-5 and
VAPO-5 into SAPO-34 and VAPO-34, respectively, with the
increase of crystallization time.®** However, CoAPO-34
transforms into CoAPO-5 with the reaction time'* to show
the importance of the heteroatoms (incorporated in the
molecular sieves) to the relative stability of the AFI and
CHA structures. In this study, the SAPO-5 is gradually trans-
formed into SAPO-34 with the increase of the crystallization
time because of the relative stability of the phases as shown
in Figure 3(b). Considering the previous results®* the
SAPO-34 probably will co-exist with SAPO-5 if the
crysalization time increases further in the microwave
heating. Therefore, as suggested in previous works, >
microwave technique can be utilized in the hydrothermal
synthesis of relatively unstable structure because of the fast
crystalization of the technique.

The SAPO-5 and SAPO-34 are typica AIPO-type molec-
ular sieves that can be readily synthesized using various
amines. In this study it has been found that TEEDA can be
utilized for the synthesis of not only SAPO-34%° but aso
SAPO-5 both in akaline and neutral condition. Moreover,
the synthesis of SAPO-5 by using microwave heating in a
substantially reduced synthesis time in akaine and neutral
conditionsis aso confirmed.
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Conclusions

Following conclusions can be drawn from this study;
* TEEDA can be used as a template in the synthesis of
SAPO-5 and SAPO-34 in akaine or neutra condition.
* The SAPO-5 and SAPO-34 can be selectively crystallized
by the microwave heating and conventional electric heating,
respectively, of the same akaine gel containing TEEDA as
atemplate. The SAPO-5 transforms into SAPO-34 with the
increase of reaction time because of the relative stability of
the SAPO-34 is higher than that of SAPO-5 in the reaction
condition.
» The microwave heating technique can be suggested as a
phase sdlective method for the preparation of relatively
unstable materials because of fast crystdlization of the
technique.
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