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Various reaction conditions including temperature, time and type and concentration of templates have been

changed in order to facilely synthesize, especially with microwave (MW) heating, SAPO-34 molecular sieves.

SAPO-34 molecular sieve can be synthesized rapidly with microwave irradiation from a gel containing

tetraethylammonium hydroxide (TEAOH) as a template. However, other several templating molecules lead to

SAPO-5 molecular sieve under microwave irradiation even though SAPO-34 is obtained by conventional

electric synthesis from the same reactant gels. Moreover, SAPO-34 can be obtained more easily by increasing

the TEAOH or silica concentration or by increasing the reaction temperature. SAPO-34 can be obtained within

5 min in a selected condition (high temperature of 210 oC) with microwave heating, which may lead to a

continuous production of the important material. SAPO-34 synthesized by microwave irradiation is

homogeneous and small in size and shows acidity and a stable performance in the dehydration of methanol and

2-butanol to olefins, suggesting potential applications in acid catalysis.
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Introduction

Nanoporous materials including zeolites and alumino-

phosphate (AlPO) molecular sieves1,2 are widely used in

catalysis and separation, and are still being developed for

new applications.3 SAPO-34 molecular sieve with CHA

structure is one of the molecular sieves containing a small

pore (pore size of 0.38 nm) composed of 8-membered rings

(8 MR)4 and has attracted much interest not only for fund-

amental understanding but also for applications including

catalysis called ‘methanol to olefin’ (MTO) process5-10 and

selective adsorption/separation.11 

So far, nanoporous materials including zeolites and metal-

organic frameworks (MOFs, materials composed of not only

inorganic clusters but also organic linkers)12-14 have been

synthesized mainly by hydrothermal crystallization using

conventional electric heating. Recently, nanoporous materials

have been synthesized with new methods such as microwave

(MW)15, 16 and ultrasound.17 Especially, it has been reported

that synthesis of nanoporous materials by microwave heat-

ing has many advantages like fast crystallization,15,16 facile

morphology control18,19 and ready evaluation of process

parameters.20,21 Moreover, the microwave technique has

been regarded to lead to small-sized crystals because of high

concentration of nuclei and homogeneous heating.22 Malinger

et al.23,24 have shown that octahedral molecular sieve materials

(OMS-1, OMS-2) synthesized by microwave methods ex-

hibit superior properties such as stability, crystallinity, morpho-

logy and even catalytic activity compared with those of

OMS-1 and OMS-2 synthesized by conventional methods.

MW syntheses have also shown phase-selectivity in the

syntheses of AlPOs and MOFs.25-28 The selective crystalli-

zation of a phase has been explained in terms of a kinetic

and thermodynamic effect. A less stable AlPO molecular

sieve is preferentially obtained with microwaves due to a

decreased synthesis time. Similarly, it has also been reported

that a less stable MOF (Cr-benzenedicarboxylate called

MIL-101) is selectively obtained under microwave heating

rather than a more stable MOF (another Cr-benzenedi-

carboxylate named as MIL-53).28

Especially, we have reported that SAPO-5 (AFI structure),

rather than SAPO-34 (CHA structure), is mainly synthesized

preferentially by microwave heating.25 SAPO-5 forms at an

early stage of reaction and is transformed into a more stable

phase, SAPO-34, with the increase of reaction time.25 How-

ever, pure SAPO-34 could not be obtained with microwave

irradiation,25 even in the presence of a SAPO-34 seed, because

the selectivity for SAPO-5 is very high or the synthesis time

is insufficient with microwave heating (less than 10 h). 

Even though the microwave synthesis of SAPO-34 has

several advantages, to the best of our knowledge, there are

only a few reports on the microwave synthesis of SAPO-34

molecular sieves. Very recently, SAPO-34 has been success-

fully synthesized, under microwave heating, by the trans-

formation of SAPO-5.29 However, the precursor gels used

were composed of dual templates such as TEAOH and di-

propylamine. Moreover, the SAPO-34 is obtained only after

500 min, which is quite long for a microwave synthesis. Re-

cently, van Heyden et al.30 reported the synthesis of a nano-

sized SAPO-34 from clear colloidal precursor solutions. The
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synthesis is a slightly complex process and needs high con-

centration of phosphoric acid (and accordingly high concen-

tration of the expensive TEAOH template). 

Dehydration of an alcohol including MTO process is very

important for producing olefins and converting feedstocks

into olefinic valuable chemicals. SAPO-34 is one of the

most deeply studied catalysts for MTO process. Generally, a

small-sized SAPO-34 is superior to large-sized one in cata-

lysis (including the MTO process),5,6 especially for steady

conversion.

Therefore, it is highly desirable to synthesize a small-sized

SAPO-34 with microwave heating especially in the presence

of a single template molecule and in a short reaction time.

Herein, we report a facile synthesis of SAPO-34 in minutes

or a few hours by microwave heating from a reactant gel

containing a single template molecule. The effect of reaction

conditions like reaction time, reaction temperature and the

concentrations of template and silica will be discussed. The

synthesized SAPO-34 with microwave has also been applied

in the dehydration of methanol and 2-butanol to olefins

(MTO) to understand the applicability in an acid catalysis.

Experimental

SAPO-34 molecular sieves were synthesized from pseudo-

boehmite (Catapal A, Vista), phosphoric acid (85 wt %,

Aldrich), silica sol (Ludox AS-40, 40%, Aldrich) and

deionized water similar to a reported method.30 Tetra-ethyl-

ammonium hydroxide (TEAOH, 35%, Aldrich) was mainly

used as a template molecule. Various amines like morpho-

line, triethanolamine, piperidine and cyclohexylamine (all

from Aldrich) were also tried as templating molecules. Silica

sol was added dropwise to the aqueous solution of TEAOH

and mixed well, and the mixture was aged at 100 oC for 12 h.

Phosphoric acid was added dropwise to pseudoboehmite

which was suspended in water. Finally the mixtures of silica

and TEAOH were added to the white gel of alumino-

phosphates. The reactant composition was Al2O3 : 1.0 P2O5 :

(0.15-0.45)SiO2 : (1.5-2.5)TEAOH : 100H2O, and the typi-

cal composition, unless otherwise specified, was Al2O3 : 1.0

P2O5 : 0.3 SiO2 : 2,0 TEAOH : 100 H2O. The reaction condi-

tions for the representative cases are summarized in Table 1.

The gel of 20 g was loaded in a 100 mL Teflon autoclave,

which was sealed and placed in a microwave oven (Mars-5,

CEM, maximum power of 1200 W). The autoclave was

heated to the reaction temperature of 165-210 oC in about 2

min and kept for a predetermined time. The microwave

power was 300 W throughout the whole synthesis steps

including heating-up stage. The reaction temperature was

controlled using the EST-300 Plus system (Electronic Sen-

sor-Temperature) that monitored and controlled temperature

conditions inside sample vessels. The detailed synthesis pro-

cedure under microwave irradiation is reported elsewhere.31, 32

For a conventional electric crystallization, the gel (20 g)

was loaded in a Teflon lined autoclave and put in a preheated

electric oven (the temperature was the same as that of the

microwave oven) for a fixed time. During the microwave

and conventional reactions, the reactant mixtures were kept

without agitation. After the reaction, the autoclave was cool-

ed to room temperature and solid products were recovered

by centrifugation and dried overnight at 100 oC. The yield of

the solid product was calculated by comparing the amount of

recovered solid with the total weight of oxides such as

Al2O3, P2O5 and SiO2 in the gel. The contribution of the

remained template and water was calibrated with a weight

loss at 550 oC determined with a thermogravimetry system

(Du Pont TGA 9900). 

The crystal phase of the samples was verified using an X-

ray diffractometer (MO3X-HF, model no. 1031, CuKα radia-

tion). The morphology and the chemical composition were

examined using a scanning electron microscope (Hitachi, S-

4300) and an energy dispersive X-ray spectrometer (Hitachi,

EDX-350), respectively. The nitrogen adsorption isotherms

and surface areas were measured at –196 oC with a surface

area and porosity analyzer (Micromeritics, Tristar II 3020)

after evacuation at 300 oC. The surface area was calculated

using the BET equation. Before evacuation for adsorption,

the SAPO-34 molecular sieves were calcined for 10 h at 550
oC in air under static condition in order to remove template

molecules. 

Ammonia-temperature programmed desorption (TPD)

pattern was obtained with an Automated Catalyst Characteri-

zation System (Micromeritics, AutoChem II 2920) after

adsorbing ammonia (15% ammonia in He, flow rate 50

sccm) at 100 oC for 1 h and sweeping for 30 min at 100 oC

(He 30 sccm). The desorption was performed between 100

Table 1. Reaction conditions and results of the synthesis of SAPO-34 molecular sieves

Sample 

No.

Reaction conditions
a

Reaction results

Molar composition
Heating 

methoda Phase
Composition

(Si/(Al+P+Si), atom %)
SBET

c
 

A Al2O3 : 1.0P2O5 : 0.15SiO2 : 2.0 TEAOH : 100H2O MW CHAb 6.3 564

B Al2O3 : 1.0P2O5 : 0.30SiO2 : 2.0 TEAOH : 100H2O MW CHA 8.6 500

C Al2O3 : 1.0P2O5 : 0.45SiO2 : 2.0 TEAOH : 100H2O MW CHA 12.4 538

D Al2O3 : 1.0P2O5 : 0.15SiO2 : 2.0 TEAOH : 100H2O CE CHA 5.8 530

E Al2O3 : 1.0P2O5 : 0.30SiO2 : 2.0 TEAOH : 100H2O CE CHA 7.9 459

F Al2O3 : 1.0P2O5 : 0.45SiO2 : 2.0 TEAOH : 100H2O CE CHA 11.5 494

aMW: microwave heating for 2 h; CE: conventional electric heating for 2 d; reaction temperature: 190 oC. bContaminated with small amount of
SAPO-5. cBET surface area (m2/g)
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and 600 oC with the ramping rate of 10 oC/min under He

flow (30 sccm). Before adsorption, the SAPO-34s were pre-

treated with He flowing (50 sccm) under heating. The

temperature was increased from 30 to 500 oC with the heat-

ing rate of 10 oC/min and maintained for 3 h at 500 oC).

The dehydration of alcohols to olefins was carried out at

atmospheric pressure with a conventional fixed-bed reactor

made of a stainless steel tube. The alcohols were fed with a

syringe pump and nitrogen (30 cc/min) was used as a carrier

gas. The SAPO-34 calcined at 550 oC was dehydrated at 450
oC for 2 h before reaction. The WHSV was 2 and 1 h−1,

respectively, for methanol and 2-butanol, and the weight of

SAPO-34 was 0.2 g. The products and fed alcohols were

analyzed with an on-lined GC equipped with a FID detector.

Results

Before synthesis of SAPO-34 with the microwave techni-

que from the gel containing TEAOH, the synthesis was

carried out with gels composed of various templates (like

morpholine, triethanolamine, piperidine and cyclohexyl-

amine) that have been used for the conventional synthesis of

CHA-type molecular sieves.5,33-35 However, as shown in

Supporting Figure 1, the main product from the gels (Al2O3 :

1.0 P2O5 : 0.30 SiO2 : 2.0 template : 100 H2O) was SAPO-5

or a mixture of SAPO-5 and SAPO-34 after synthesis in

even severe condition of long reaction time (4 h at 200 oC).

Changes in reaction conditions like concentration, temper-

ature and time do not lead to pure SAPO-34 under micro-

wave irradiation.

Figure 1 presents the XRD patterns of the molecular

sieves synthesized from gels containing TEAOH (reactant

composition is Al2O3 : 1.0 P2O5 : 0.30 SiO2 : 2.0 TEAOH:

100 H2O) for various reaction times by both microwave and

conventional electric heating. The XRD patterns match with

the calculated pattern of SAPO-34 especially when the

reaction time is longer than 30 min (by MW heating) and 1 d

(by CE heating), showing the successful synthesis of SAPO-

34 with both MW and CE syntheses in the selected condi-

tion. The SAPO-34 may be contaminated with dense im-

purities such as tridymite, cristobalite and quartz because

XRD pattern has a shoulder at 2 theta of 21-22. However,

the content of impurities may be low considering the surface

area of SAPO-34 (see below) and high XRD intensity of the

dense phases. Compared with the results of Supporting

Figure 1, the results of Figure 1 show the beneficial role of

TEAOH in the microwave-synthesis of SAPO-34. Figure 2

shows the changes in the yields of SAPO-34 with the

synthesis time for the MW and CE syntheses. The yields

increase steadily with reaction time and the synthesis is

nearly completed in 3 h and 3 d with MW and CE synthesis,

respectively, at 190 oC. The reaction time can be decreased

further with increasing the reaction temperature (see below).

The effect of concentration of the template (TEAOH) was

evaluated and Figure 3 shows the XRD patterns of the

obtained products from gels with various TEAOH concen-

trations (Al2O3 : 1.0 P2O5 : 0.30 SiO2 : (1.5-2.5) TEAOH :

100 H2O) after 2 h at 190 oC. If the TEAOH concentration is

low (TEAOH/Al2O3 is 1.5) not only SAPO-34 but also

SAPO-5 are observed in accordance with the fact that

Figure 1. Effect of synthesis time on the XRD patterns of SAPO
molecular sieves synthesized with (a) MW heating and (b)
conventional electric heating at 190 oC. The molar composition of
the reaction mixture was Al2O3 : 1.0P2O5 : 0.30SiO2 : 2.0TEAOH :
100H2O. Calculated XRD pattern of SAPO-34 is also shown for
comparison. 

Figure 2. Effect of synthesis time on the yields of SAPO molecular
sieves synthesized with MW heating and conventional electric
heating at 190 oC. The molar composition of the reaction mixture
was Al2O3 : 1.0P2O5 : 0.30SiO2 : 2.0TEAOH : 100H2O.
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SAPO-5, compared with SAPO-34, is preferentially obtain-

ed at high acidic condition.36,37 

Figure 4 shows the effect of reaction temperature on the

synthesis from the gel having the composition of Al2O3 : 1.0

P2O5 : 0.30 SiO2 : 2.0 TEAOH : 100 H2O. SAPO-34 is the

sole product from CE synthesis at any temperature (165-200
oC). Similarly, SAPO-34 is obtained selectively with micro-

wave heating at a temperature of 170 oC or higher. However,

SAPO-5 is the main product from the microwave heating at

165 oC, showing the preferential synthesis of SAPO-5 at

lower temperatures, especially under microwave heating.

The synthesis of SAPO-34 has been tried in various silica

contents (Al2O3 : 1.0 P2O5 : (0.15-0.45)SiO2 : 2.0 TEAOH:

100 H2O). As illustrated in Figure 5, SAPO-34 is the product

of both MW and CE syntheses even though the product

synthesized with microwave heating from the gel with the

lowest silica content (Al2O3 : 1.0 P2O5 : 0.15 SiO2 : 2.0

TEAOH : 100 H2O) has a tint of SAPO-5. Therefore, it may

be supposed that SAPO-5 can be selectively formed with

decreasing silica content in the reactant gels.

The synthesized SAPO-34s have been analyzed in poro-

sity, composition and morphology. As shown in Figure 6, the

nitrogen adsorption isotherms of typical SAPO-34s have the

traditional type-I isotherms, confirming the microporosity of

the SAPO-34 samples. The surface areas (Table 1) of the

samples are 460-560 m2/g, showing the porosity of the

obtained samples. The porosity of SAPO-34 samples obtain-

ed by MW is similar to those synthesized by electrical

heating. The contents of silicon (Table 1) in SAPO-34 increase

with increasing the silica concentration in the precursor gels

and the contents do not depend much on the synthesis

methods of MW and CE heating. The SEM images (Fig. 7)

of typical SAPO-34s illustrates that the size is quite small

when SAPO-34 is obtained especially with MW heating

(< 0.2 μm). However, the particle size distribution is wide

and the size is a bit large when the SAPO-34 is obtained with

CE synthesis (0.2-0.4 μm).

The rapid synthesis of a molecular sieve is very important

not only for commercial applications (like especially for a

continuous synthesis of a material) but also for fundamental

understanding. The syntheses were carried out at an increas-

ed temperature of 210 oC, and the XRD patterns of the

SAPO-34s that were synthesized in 3 and 5 min (Fig. 8)

show that the SAPO-34 can be crystallized in 3-5 min. The

Figure 3. Effect of TEAOH concentrations on the XRD patterns of
SAPO molecular sieves synthesized with (a) MW heating and (b)
conventional electric heating at 190 oC. The molar composition of
the reaction mixture was Al2O3 : 1.0P2O5 : 0.30SiO2 : (1.5-2.5)
TEAOH : 100H2O. Calculated XRD patterns of SAPO-5 and
SAPO-34 are also shown for comparison.

Figure 4. Effect of synthesis temperature on the XRD patterns of
SAPO molecular sieves synthesized with (a) MW heating for 2 h
and (b) conventional electric heating for 2 d. The molar
composition of the reaction mixture was Al2O3 : 1.0P2O5 : 0.30SiO2

: 2.0TEAOH : 100H2O. Calculated XRD patterns of SAPO-5 and
SAPO-34 are also shown for comparison. 
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yields of the syntheses in the short time are also relatively

high (yield = 49% at 3 min, 60% at 5 min). The synthesis of

a material in a few minutes may lead to a continuous produc-

tion of the material, which is very helpful for the commercial

production at low cost.31

The SAPO-34s synthesized with MW (Sample B) and CE

(Sample E) have weak and strong acidity as confirmed with

the NH3-TPD pattern (Supporting Fig. 2). The desorption

pattern does not depend much on the synthesis method and

the pattern is similar to a result reported earlier.7 The desorp-

tions of ammonia at ~180 and ~380 oC correspond to weak

and strong acid sites,7 respectively, and suggests the potential

applications of the SAPO-34s in acid catalysis. The SAPO-

34 molecular sieves (Samples B and E) have also been used

in the dehydration of methanol and 2-butanol. As shown in

Figures 9 and 10, the conversions of olefins were very stable

for 2.5 h, which may be due to a small size of the SAPO-

34.5,6 Moreover, the synthesis methods do not show notice-

able effect on the product selectivity (Figures 9 and 10). 

Discussion

SAPO-34 molecular sieves have been synthesized in wide

reaction conditions because they are very important for cata-

lysis due to a small pore size originated from 8MR. How-

ever, microwave syntheses of SAPO-34 have been hardly

known even though microwave synthesis has several advant-

ages such as fast crystallization and the formation of small

crystals. Only recently the SAPO-34 has been synthesized in

a complex way (like dual templates) with a high template

concentration30 in colloidal precursor solution or over long

periods of time.29 In this work, a facile synthesis of SAPO-

34 with microwave heating has been studied. 

Different to other templating molecules, only TEAOH

leads to SAPO-34 under microwave heating. Moreover,

SAPO-34, rather than SAPO-5, can be obtained selectively

when the TEAOH and silica concentrations and the reaction

temperature are high. The preferential formation of CHA

molecular sieves, rather than AFI molecular sieves, has been

observed in the presence of high concentration of hetero-

atoms like Mg 36 and Co.38 Moreover, high pH also leads to

CHA molecular sieves.36,37 Because of a low stability of AFI

(compared with CHA structure) in thermodynamics, due to

large pore size26,27 or low framework density,39 AFI, rather

than CHA, is selectively obtained in low temperatures and

over shorter reaction times. If the temperature or time

Figure 5. Effect of silica concentration on the XRD patterns of
SAPO molecular sieves synthesized with (a) MW heating for 2 h
and (b) conventional electric heating for 2 d at 190 oC. The molar
composition of the reaction mixture was Al2O3 : 1.0P2O5 : (0.15-
0.45)SiO2 : 2.0TEAOH : 100H2O.

Figure 6. Nitrogen adsorption isotherms of SAPO-34 molecular
sieves synthesized with (a) MW heating and (b) conventional
electric heating at 190 oC from different silica concentrations. The
molar composition of the reaction mixture was Al2O3 : 1.0P2O5 :
(0.15-0.45) SiO2 : 2.0TEAOH : 100H2O.
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increases, the AFI is replaced with more stable CHA mole-

cular sieves25; therefore, severe conditions are helpful to get

the CHA structure selectively. 

In this study, SAPO-34 is selectively obtained with micro-

wave heating in a restricted condition (high TEAOH and

silica contents; high temperature). Most interestingly, SAPO-

34 can be obtained from a gel containing only TEAOH

rather than other amines even though those amines lead to

CHA molecular sieve under CE synthesis.5,33-35 The reason

of the formation of SAPO-34 with only TEAOH under

microwave heating is not easy to understand at this moment.

Changing other factors such as pH, temperature and silica

concentration, even though very important for the synthesis

of SAPO-34 under CE heating,36-38 does not lead to the

formation of the SAPO-34 phase. For example, even a

condition of high basicity (pH of 9.7) and/or seeding of

SAPO-34 crystals were not sufficient to produce a pure

SAPO-34 molecular sieve when triethylamine was used as

the templating molecule.25 Therefore, it may be presumed

that the TEAOH, especially when the concentration is high,

matches well with the SAPO-34 structure or nucleates SAPO-

34 easily for rapid synthesis under microwave heating.

However, further work will be necessary to understand the

beneficial role of TEAOH in the selective synthesis of SAPO-

34 under microwave irradiation. The SAPO-34 can also be

obtained in 5 min at high temperature of 210 oC, which is

beneficial for a continuous production of the material with

low cost. 

The dehydration of methanol over SAPO-34s synthesized

with both microwave and conventional heating was highly

stable to show practical conversion up to 2.5 h of time-on-

stream. Similarly, the conversion of 2-butanol over the two

SAPO-34s was also very stable. The stable conversion over

the SAPO-34s probably is due to a small size22 of the SAPO-

Figure 7. SEM images of SAPO molecular sieves synthesized with
(a) MW heating (Sample B) and (b) conventional electric heating
(Sample E).

Figure 8. XRD patterns of SAPO molecular sieves synthesized at
210 oC with MW heating for 3 min and 5 min. The molar
composition of the reaction mixture was Al2O3 : 1.0P2O5 : 0.30
SiO2 : 2.0TEAOH : 100H2O.

Figure 9. Conversion of methanol and selectivities of olefins and
dimethylether (DME) over SAPO-34 molecular sieves ((a):
Sample B; (b): Sample E). The reaction temperature was 450 oC. 
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34s obtained in this study. The product selectivities from two

dehydrations do not depend much on the synthesis methods

(Figs. 9 and 10). The similar performance of the two SAPO-

34s suggests that the SAPO-34 synthesized with microwave

heating has similar characteristics to those of SAPO-34

obtained with conventional synthesis in acidity and cata-

lysis. It can be suggested that the SAPO-34 synthesized with

microwave heating can be used in potential applications in

an acidic catalysis, which will be accomplished in a next

study, based on the acidity confirmed with ammonia TPD

and stable performance in the dehydration reactions. 

Conclusion

SAPO-34 molecular sieve can be synthesized facilely

from a reactant gel containing TEAOH as a template by

utilizing the microwave irradiation technique. However,

other templates lead to SAPO-5 under microwave heating

even though SAPO-34 is obtained with the templates by

conventional electric heating. SAPO-34 can be synthesized

more selectively as the concentration of TEAOH or silica

increases. The high temperature is also beneficial for the

SAPO-34 formation, and the SAPO-34 can be obtained

within 5 min at 210 oC, suggesting a possibility of a con-

tinuous production of the valuable material. The SAPO-34s

synthesized with microwave irradiation are more homo-

geneous in morphology and smaller in size than the ones

synthesized by conventional electric heating. Finally, it can

be suggested that the microwave-synthesized SAPO-34 has

the potential applications in heterogeneous acid catalysis

because of the very stable conversion of alcohols dehydra-

tion and acidity that was confirmed with TPD. 
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Figure 1. XRD patterns of SAPO molecular sieves that were
synthesized for 4 h at 200 oC with microwave heating from gels
containing various templates. The molar composition of the
reaction mixture was Al2O3 : 1.0P2O5 : 0.30SiO2 : 2.0 template :
100H2O.

Figure 2. NH3-TPD patterns of SAPO-34 molecular sieves to show
the acidic characteristics of the molecular sieves. 


