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a b s t r a c t

SAPO-46 molecular sieve has been synthesized on a new one-step route by using phosphorous acid
(H3PO3) or the mixture of H3PO3 and phosphoric acid (H3PO4) as the phosphorus source. It has been
found that the pure phase of SAPO-46 could be obtained more conveniently from the H3PO3-containing
gels at 200 ◦C. Meanwhile, SAPO-46 with higher crystallinity can be synthesized in a wide range of gel
compositions, containing higher silica in the product. As the catalyst for the dehydration of methanol to
dimethyl ether (DME), it has exhibited high selectivity for the formation of DME as well as the activity of
ilicoaluminophosphates (SAPOs)
olecular sieve

atalyst
ethanol

methanol conversion. Raman and IR have been employed to characterize the initial gel and as-synthesized
sample to investigate the formation of SAPO-46 and the one-template-multiple-structures phenomena in
the new one-step route, where SAPO-41 or SAPO-46 can be formed according to silica concentration. The
transformation of P(III) species in the initial gels to P(V) species during crystallization have been found.
It may be the key role for the formation of SAPO-46 on the new route. Besides, the correlation between
silica content and the structure type of crystalline products with di-n-propylamine as the template has

also been obtained.

. Introduction

Silicoaluminophosphates (SAPOs) molecular sieves have gener-
ted considerable interest as solid acid catalysts since their first
ynthesis in 1984 [1]. These structures, in general less acidic than
luminosilicates and have been found practical applications as cat-
lysts in industrial processes, such as the selective isomerization of
ydrocarbon chains and the conversion of methanol to light olefins
MTO process) [2–7]. In recent years, dimethyl ether (DME), which
s now used as a raw material for making chemicals and aerosol
ropellant such as hair spray, shaving cream to replace ozone-
estroying chlorofluorocarbons (CFC), has received attentions as
n LPG alternative, transportation fuel in substitution to diesel and
ower generation [2–5].

Among the various SAPOs, AFS-structure type molecular sieves,
hich has a unique three-dimensional structure with large-pore,
resent potential applications. This type molecular sieve is first
ynthesized in the form of MeAPO and MeASPO by Flanigen and

o-workers [8–10]. The structure is based on capped six-membered
ings with a unidimensional 12-ring channel system with a free
perture between 7 Å and 8 Å cross-linked through 8-ring win-
ows. AFO-structure contains only 10-ring with a pore size of

∗ Corresponding author. Tel.: +86 22 23509932; fax: +86 22 23499992.
E-mail address: liniu@nankai.edu.cn (N. Li).
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4.3 Å × 7.0 Å [11]. AFS-structure silicoaluminophosphates (SAPO-
46) appears in 1994 [12]. Similar to other SAPO-based molecular
sieves, it is generally synthesized by using phosphoric acid as the
source of phosphorus, silica sol and reactive alumina as silica and
aluminum source, respectively in the presence of di-n-propylamine
(DPA) as the structure directing agent [12]. However the pure
SAPO-46 is relatively difficult to be synthesized, as it tends to
crystallize along with other DPA directing molecular sieves such
as SAPO-11 and SAPO-41 [10,13,14]. So the formation of SAPO-
46 needs two crystallizing steps. Firstly it has to be crystallized
at 150 ◦C for 96 h, secondly reacted at 180 ◦C for a further period
of 120 h [12]. Recently, the usages of non-conventional phospho-
rus sources have shown some distinct effects for crystallizing
phosphate-based molecular sieves [15–17]. We have reported the
synthesis of SAPO-41 and SAPO-47 molecular sieves by using H3PO3
as phosphorus source. H3PO3-containing gels have exhibited some
competitive effects with organic amines on directing the forma-
tion of aluminophosphate-based molecular sieves [18,19]. In the
present work, by using H3PO3 or the mixture of H3PO3 and H3PO4
as the source of phosphorus (denoted as P source afterwards), the
preparation of SAPO-46 in aqueous system is described. Mean-

while, thermal stability of the as-synthesized SAPO-46, which is
lower than that of like SAPO-5 [20] and SAPO-37 [21], has been
improved by increasing the Si content of the framework. IR and
Raman spectroscopes have been used to detect the transformation
of P(III) species to P(V) species during the crystallization procedure

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:liniu@nankai.edu.cn
dx.doi.org/10.1016/j.molcata.2009.03.036
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nd the slight interaction of the template-framework in SAPO-46.
dditionally, the catalytic properties of SAPO-46 on the transfor-
ation of methanol to dimethyl ether (DME) have been studied. It

as showed high selectivity to DME in collective products with less
oke formation tendency.

. Experimental

.1. Reactants

Phosphorous acid (>99%) and di-n-propylamine (>95%) were
urchased from Tianjin Yaohua Chemical and Acros Organics. Pseu-
oboehmite (water loss at 600 ◦C being 34.75 wt.%) was purchased
rom Shandong Aluminum Plant. Phosphoric acid (>99%) was pur-
hased from Tianjin Chemical. Silica sol (5.9 M SiO2) was purchased
rom Qindao Chemical.

.2. Synthesis of SAPO-46

.2.1. Using H3PO3 as the phosphorus source
Typically, 1.8 g of solid H3PO3 was dissolved in 20 ml deion-

zed water, and then H3PO3 solution was added slowly to 1.7 g
f pseudoboehmite. The mixture was stirred for about half an
our until it became homogeneous. Subsequently, 4.6 ml of di-
-propylamine (denoted as DPA afterwards) were added into it
ropwise under vigorous stirring. Then, 1.1 ml aqueous silica sol
as added. The reaction mixture had the following molar compo-

ition: 1.0Al2O3:2.0H3PO3:4.0DPA:100H2O: 0.6SiO2 with gel pH = 8.
he mixture was sealed in a Teflon-lined stainless-steel autoclave
nd heated at 200 ◦C under autogeneous pressure.

.2.2. Using H3PO3 and H3PO4 as the mixed phosphorus source
Typically, 0.91 g of H3PO3 was dissolved in 10 ml of deionized

ater, then 1.1 ml H3PO4 was added slowly to H3PO3 solution.
he mixture was added to 2.1 g of pseudoboehmite and then
0 ml of deionized water was added in. After stirred for about
alf an hour, then 6.1 ml DPA was added in dropwise under
igorous stirring. Subsequently, 1.1 ml aqueous silica sol was
dded. The typical molar composition of the reaction mixture
s 1.2Al2O3:1.0H3PO3:1.5H3PO4:4.0DPA:100H2O:0.6SiO2. The mix-
ure was sealed in a Teflon-lined stainless-steel autoclave and
eated at 200 ◦C under autogenous pressure (Table 1).

.3. Characterization

X-ray powder diffraction (XRD) patterns of the as-synthesized
roducts were recorded on a Rigaku D/MAX-2500 diffractome-

er with Ni-filtered Cu K� radiation (� = 1.5418 Å). The IR spectra
ere recorded by Brucker Vector 22 FT-IR spectrometer. Raman

pectrometer used was Renishaw in via spectroscopy system. The
aser used was argon ion laser with 514.5 nm excitation source

ith power output of 20 mW. Element analysis was performed

able 1
el compositions and crystallization conditions of SAPO-46.

ample Reactant composition

Al2O3 H3PO3 H3PO4 SiO2 DPA

1.0 2.0 0 0.6 3.0
1.2 1.0 1.5 0.6 4.0
1.2 0.5 1.5 1.5 4.0
1.2 1.0 1.5 0.4 4.0
1.2 1.5 1.5 0.6 4.0
1.2 0 2.0 0.6 4.0
1.2 1.0 1.5 0.2 4.0
1.2 1.0 1.5 0.6 2.0
1.2 1.0 1.5 0.6 2.0
sis A: Chemical 308 (2009) 127–133

on an Elementar Varioel element analyzer. Thermal analysis was
performed on Netzsch STA 409 PC thermal analyzer at a heat-
ing rate of 10 ◦C/min in nitrogen. The crystal morphology and
electron probe microanalysis and chemical compositions of the
products were performed with a Hitachi X-650 scanning micro-
scope.

2.4. Catalytic reaction

Before the test, the SAPO-46 was calcined in air at 550 ◦C for
2 h to remove the organic template completely. The dehydration
of methanol to DME was carried out on a fixed-bed stainless-steel
reactor and detected with an on-line GC. The experiments were
performed on atmospheric pressure at 350 ◦C, 450 ◦C and 585 ◦C,
respectively. For each case, 0.6 g of HSAPO-46 catalyst (grain size
20–40 mesh) was used. Nitrogen saturated by pure methanol (11%
MeOH in N2) was used as feed with the gas mass space velocity
(WHSV) 1.0 h−1. It was 30 min for saturating the N2 stream with
methanol.

3. Results and discussion

3.1. Synthesis and initial characterization

In conventional synthesis procedure using H3PO4 as phospho-
rus source, SAPO-46 can only be obtained from a two-step route.
It needs first to be crystallized at 150 ◦C for an initial period of
96 h, and then another period of 120 h at 180 ◦C would be expended
[12]. However, in the present studies by using H3PO3 as the source
of phosphorus, the pure SAPO-46 can be crystallized directly at
200 ◦C for only 72 h in the system of Al2O3/SiO2/H3PO3/DPA/H2O or
Al2O3/SiO2/H3PO3/H3PO4/DPA/H2O. X-ray powder diffraction pat-
terns of as-synthesized samples are shown in Fig. 1. It closely
resembles to that of SAPO-46 phase reported in the literature
[12]. SEM photographs confirm the phase purity prepared in
this synthesis route (Fig. 2). Apart from this, the range of sil-
ica concentration for crystallizing pure SAPO-46 phase has been
extended from 0.3 < SiO2/Al2O3 < 0.6 [13] to 0.3 ≤ SiO2/Al2O3 ≤ 1.25.
Samples in Fig. 1 have shown the result for synthesizing SAPO-
46 in gels with different silica concentration (the molar ratio of
SiO2/Al2O3 are 0.4, 0.8, 1.0, 1.3, respectively). Especially in the
gels with SiO2/Al2O3 = 0.8, the product shows the best crystallinity
(Fig. 1B). A lower silica concentration, for example, in the range of
0.2 < SiO2/Al2O3 < 0.3, it led to the mixtures of SAPO-41 and SAPO-
46 (Table 1 E). SiO2/Al2O3 ≤ 0.2 is the identical synthesis conditions
to prepare pure SAPO-41 phase (Table 1 F). On the opposite, if
SiO2/Al2O3 > 1.5, no crystallization product can be obtained even

if the duration was prolonged from 3 to 7 days.

Other factors, such as amounts of H2O, DPA have also shown
their impact on the formation of SAPO-46. It can also be seen from
Table 1 and Fig. 3 that when H2O/Al2O3 < 150, pure SAPO-46 is
obtained (Fig. 3A). A higher H2O content (150 ≤ H2O/Al2O3 < 200)

Crystallization condition Product

H2O Temp (◦C) Time (day)

100 200 6 Pure SAPO-46
100 200 3 Pure SAPO-46
100 200 3 Pure SAPO-46
100 200 3 Pure SAPO-46
100 200 3 Pure SAPO-46
100 200 3 SAPO-11, SAPO-46
100 200 3 Pure SAPO-41
100 200 3 Pure SAPO-11
180 200 3 SAPO-43, SAPO-46
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Fig. 1. XRD patterns of SAPO-46 with different Si content. The molar ratios of
SiO2/Al2O3 are (A) 0.4; (B) 0.8; (C) 1.0; (D) 1.3.
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Fig. 2. SEM images of SAPO-46.
ill lead to a mixed product of SAPO-46 and SAPO-43 (Fig. 3B). If the
atio (H2O/Al2O3) is above >200, SAPO-11 is present as the impu-
ity (Fig. 3C). As for the DPA, when DPA/Al2O3 ≥ 3, pure SAPO-46 can
e synthesized, whereas in the range of 2 < DPA/Al2O3 < 3, SAPO-11

ig. 3. XRD patterns of crystallization products with H2O/Al2O3 at A: 50; B: 150; C:
00.
Fig. 4. Raman spectra of (A) silicoaluminophosphite gel, (B) DPA and (C) as-
synthesized SAPO-46.

appears as the impurity. When DPA/Al2O3 ratio is low than 3, pure
SAPO-11 can be obtained [13].

3.2. Raman and IR investigation of the initial gel and
as-synthesized sample to identify the key role in the new one-step
route

In the case using H3PO4 as phosphorus source, two-step route
has to be employed to obtain pure SAPO-46 phase, which is first
crystallized at 150 ◦C for 96 h, and then another 120 h at 180 ◦C [12].
How can it to be obtained as a pure phase directly at 200 ◦C for
only 72 h? It is the presence of H3PO3 and the silicoaluminophos-
phite gel formed from it. In order to study the important role
of them, a silicoaluminophosphite gel with its original composi-
tion 1.0Al2O3:P2O3:3.0DPA:0.6SiO2:100H2O (Table 1, sample I) was
dried at room temperature. The Raman and IR spectra of the gel
and its crystallization product SAPO-46 are obtained and shown in
Figs. 4 and 5. The assignments of the bands of SAPO-46 (Table 2)
have been based on the published works of other researchers
[22–26]. The intense Raman band (Fig. 4) and the most intense, wide

−1
and complex band in IR spectra (Fig. 7) are in the 1000–1300 cm
region, which corresponds to P–O vibration modes [23,24]. And
the intensity and position of the P–O vibration bands of silicoa-
luminophosphite gel differ significantly from that of SAPO-46. For
example, in IR spectra, the most intense band of silicoaluminophos-

Fig. 5. IR spectra of (A) silicoaluminophosphite gel and (B) as-synthesized SAPO-46.
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Table 2
Assignment of vibration bands of SAPO-46 [22–26].

Wavenumber (cm−1) Assignment

IR Raman

3300 3200–3300 N–H vibration mode
2750–3000 2750–3000 C–H stretching vibration
2353, 2413 2353, 2439 P–H vibration
1622 O–H vibration of H2O
1380–1500 1400–1500 Deformation vibration of CH3

and CH2

1000–1300 1030–1300 P–O stretching vibration
∼920 ∼920 P–O stretching vibration of

HPO2
−3
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unit cell, there are 0.143 DPA in SAPO-46 and 0.06 DPA in SAPO-41
corresponding per T atom. Evidently, DPA molecules in SAPO-46
channels are more than SAPO-41, even though there is the same
concentration DPA in the initial gels (Table 1 A and F).
50–750 600–750 Bending vibration of Al–O
00–600 90–530 Oxygen atom vibration in

T–O–T (T–O–T bending
vibration)

hite gel is at 1087 cm−1, but in that of SAPO-46, the most intense
and is at 1118 cm−1. Meanwhile, the band at 916 cm−1 in the
pectra of the gel, which attributes to P–O vibration of HPO3

2–,
isappears upon crystallization. These differences probably result
rom the different oxidation state and the different chemical envi-
onment of P element. It is noticeable that, the band in the region
f 2300–2500 cm−1 in Raman and IR spectra of silicoaluminophos-
hite gel, which belongs to P–H vibration, disappears in that of
APO-46. This means that, during the crystallization from silicoalu-
inophosphite gel to SAPO-46, P(III) species transforms into P(V)

pecies. The transformation between the solid state species (alu-
inophosphites to aluminophosphates) has been detected before

n the synthesis of AlPO4-5 and SAPO-47 using H3PO3 as the phos-
horus source [27]. It means that pseudo-tetrahedral HPO3 may
o-exist with tetrahedral PO4 in the intermediates. This reaction
robably results in the highly strained tetrahedral T-atom sites
resent in the framework and acts as the key role on the forma-
ion of SAPO-46. It is just like the slow and in situ releasing of the
mine in the reaction batch being a key factor for the formation of
he AFO type material [28].

.3. The correlation between silica content and the structure type
f crystalline products with di-n-propylamine as the template

In the domain of SAPO materials, di-n-propylamine has been
sed to direct the synthesis of at least eight different AlPO4-based
tructure types, such as SAPO-11, SAPO-31, SAPO-39, SAPO-41,
nd SAPO-46 [29], which was called as one-template-multiple-
tructures phenomena [30,31]. The changes of DPA concentration in
he reacting mixture is the key to the formation these compounds
SAPO-11, SAPO-31, SAPO-41) [32]. However, in the synthesis of
APO-46 and SAPO-41, silica content plays an important role. It has
een found from Table 1 that the templating effects of DPA are not
s critical for the formation of AFS (SAPO-46) or AFO (SPO-41) as
or other frameworks (SAPO-11 with AEL code, SAPO-31 with ATO
ode). Both SAPO-41 and SAPO-46 can be prepared at a typical molar
omposition with the same DPA concentration (DPA/Al2O3 = 4.0). It
s noted that a higher silica concentration (SiO2/Al2O3 ≥ 0.3) yields
APO-46, silica concentration in the range of 0.2 < SiO2/Al2O3 < 0.3
rystallizes the mixture of SAPO-41 and SAPO-46, whereas at lower
ilica concentration (SiO2/Al2O3 ≤ 0.2), it results in the formation
f pure SAPO-41, whether in the one-step or in two-step synthesis
oute [12]. What cause these results?

Investigations by Lewis et al. concerning the number and confor-

ation of organic amines present in the cage of chabazite structure

nlighten us to attribute these results to the host–guest interac-
ions between framework and organic amines [33]. Their studies
ave shown that two distinct aluminophosphate structures, AlPO4-
(AFI code) and the chabazitic AlPO4-34 polymorph (CHA), may be
sis A: Chemical 308 (2009) 127–133

synthesized as Co-AlPOs from the same gel, depending on the con-
centration of Co2+ and template [34]. The competitive formation
of the AFI and CHA structures from a CoAlPO gel is controlled by
the uptake of template and of Co(II) ions from the gel. Their stud-
ies identify that CHA structure is thermodynamically less stable
than the AFI structure, higher (cationic) concentrations of template
favor the formation of it, induced by higher (negatively charged)
Co2+ substitution levels in the framework, the binding of the tem-
plate to the CHA framework is significantly higher than in the AFI
structure [34,35]. Whereas the more stable AFI structure is acces-
sible at low template concentration with lower Co2+ substitution
levels. In the gel lack of Co, AlPO4-5 (AFI structure code) is formed
rapidly, whereas CHA phase does not appear even at a lower Co
concentration. On the contrast, it has often been obtained from
higher Co concentration systems [33], as well as higher Mg and
Si concentration favor formation of MgAPO-34 and SAPO-44 over
MgAPO-5 and SAPO-5, respectively [36]. The formation of the CHA
phase appears to be strongly correlated to the presence of Co or
other substituted elements, since simply increasing the template
concentration does not induce its formation. It means that for the
competitive formation of several frameworks in a crystallizing mix-
ture, the more stable structures being accessible at low template
concentration with low heteroatom to compensate the template
charge. On the contrast, to form a thermodynamically less stable
phase, it is necessary to increase the relative template concen-
tration and in turn, requires sufficient heteroatom present in the
framework. Maybe structures of SAPO-46 and SAPO-41 caused by
Si content also attributed to the concentration of DPA?

Fig. 6 shows the TG and DSC results of the as-synthesized SAPO-
46. Weight loss takes place in three steps. Water molecules are lost
first (2.8%) followed by the loss of the template molecules in two
steps. DSC curve shows an endothermic and two exothermic peaks
corresponding to these processes. The two steps removal of the
template could be due to the different adsorption ability produced
by different acid strength in the framework. The main weight loss of
SAPO-46 is about 18.0%, which corresponds to the removing of DPA
(from 230 ◦C to 700 ◦C). This means that approximately 7.7 Pr2NH
molecules are present in one unit cell, which is in good accordance
with the result of element analysis (with C 12.5 wt%, H 3.5 wt%, N
2.62 wt%, and 8 Pr2NH present per unit cell). As for SAPO-41 (Fig. 7),
it is found that the main weight loss related to DPA is only 8.0%
(from 150 ◦C to 700 ◦C), about 1.2 Pr2NH molecules per unit cell are
present in SAPO-41 [13,37,38]. Taking into the different T atoms per
Fig. 6. TGA and DSC curves of as-synthesized SAPO-46.
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Fig. 7. TGA and DSC curves of as-synthesized SAPO-41.
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2932 cm−1 and 2962 cm−1, respectively, which has been described
in Ref. [43]. Both the spectra of protonated DPA and reacting gel
are similar to each other with the C–H stretching vibration shifting
to 2880 cm−1, 2909 cm−1, 2938 cm−1, and 2966 cm−1, respectively.
ig. 8. XRD patterns of SAPO-46 from SiO2/Al2O3 = 0.5 gel (A) as-synthesized sam-
le; (B) calcined at 550 ◦C for 2 h.

So we can infer that the structure of SAPO-46 is less stable than
APO-41, its framework is only formed at higher template concen-
ration level and in turn, requires higher Si heteroatom present in
he framework.

Prakash et al. have once reported that the thermal stability of
he as-synthesized SAPO-46 was lower than those of materials like
APO-5, MgAPO-36 and SAPO-37 [13]. Our investigations have also
hown (Fig. 8) that after calcinations, the XRD peak intensities cor-
esponding to SAPO-46 (Table 1 A) decreased more dramatically.
n the contrary, the as-synthesized SAPO-41 is thermodynami-
ally stable even for calcined at 800 ◦C for 2 h (Fig. 9). These results
re in agreement with our speculation on the stability of SAPO-46
nd SAPO-41, and can be used to evaluate the competing forma-
ion in the one-template-multiple-structures phenomena of SAPO

olecular sieves. Moreover, it is interesting that the thermal sta-
ility of SAPO-46 may be improved when increasing the content
f framework silica. As seen in Tables 1 and 3, Si content in sam-

le SAPO-46A (Table 1. A, molar ratio: SiO2/Al2O3 is 0.5 in gel, and
i/Al is 0.34 in framework) is less than SAPO-46B (Table 1. B, molar
atio: SiO2/Al2O3 is 1.25 in gel, and Si/Al is 0.67 in framework) in
oth gels and crystallization products. When calcining at 550 ◦C for

able 3
hemical analysis of the SAPO-46 (molar composition).

ample Si P Al

APO-46 (A) 0.20 0.42 0.58
APO-46 (B) 0.35 0.33 0.52
Fig. 9. XRD patterns of SAPO-41 from SiO2/Al2O3 = 0.15 gel (A) as-synthesized sam-
ple; (B)–(E) calcined at 550 ◦C, 600 ◦C, 700 ◦C and 800 ◦C for 2 h, respectively.

2 h, the intensity of the main diffraction peaks in XRD patterns cor-
responding to SAPO-46A decreases more dramatically, whereas in
SAPO-46B, it is only half decrease after calcining, as well as the ther-
mal stability of AFI framework being boost up by incorporating Si
composition in the structure [39,40].

Our previous works have reported the Raman investigation in
the multiple-templates-one-structure from the vibration informa-
tion on the host–guest interaction of CHA-type SAPO molecular
sieves [41,42]. In the one-templates-multiple-structure process,
Raman spectra of host-guest interaction between DPA and SAPO-
46 or SAPO-41 frameworks have been shown in Fig. 10. The
vibration modes of DPA in the region of 1400–1500 cm−1 and
2600–3100 cm−1, which can be assigned to the deformation and
to stretching vibration of C–H [22–24], also appear in the spec-
tra of silicoaluminophosphite gel and SAPO-46. As DPA trapped
within the pores of AlPO4-based materials always exist as its proto-
nated form [30,42], Fig. 10 has also displayed the Raman spectra of
DPA, protonated-DPA (adding dilute hydrochloric acid to the met-
ric DPA) and DPA containing gel. The main spectral features of DPA
are the antisymmetric vibrations of CH2 at 2873 cm−1, 2901 cm−1,
Fig. 10. Raman spectra of (A) DPA; (B) protonated DPA; (C) gel; (D) as-SAPO-46 with
lower Si content; (E) as-SAPO-46 with higher Si content; (F) as-SAPO-41.
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ig. 11. Methanol conversion (A) and the selectivity (B) of DME at 350 ◦C, 450 ◦C, an
ith the gas mass space velocity (WHSV) 1.0 h−1.

s for the case of SAPO-46, the antisymmetric vibrations of CH2
hift to higher wave number with three main vibrations at 2882,
942, and 2978, reflecting the interaction of the channel frame-
ork and protonated-DPA. Meanwhile it has been found that the
ands of SAPO-41 is slightly shifted to higher wave number than
hat of SAPO-46 with three major bands at 2986 cm−1, 2947 cm−1,
nd 2986 cm−1. The shift also reflects the difference of SAPO-41
nd SAPO-46 on the confined space around the organic molecule
43]. It is obvious that channels in SAPO-46 structure are circled by
2 tetrahedra (12-ring), which differ from the 10-ring channels in
APO-41. The confined space of DPA in SAPO-41 is smaller than that
n SAPO-46. On the other hand, the directing effect of protonated-
PA (reacting with dilute hydrochloric acid) has been tested by
dding it to the gel (Al2O3:H3PO3:H3PO4:H2O). Then the acidic sys-
em has been crystallized at 200 ◦C for 3 days. The tridymite phase
as been obtained, which is just like what has been synthesized
irectly from an AlPO4 gel without any organic template present in
he system.

.4. Catalytic reaction for dehydration of methanol to DME over
APO-46 catalysts

Fig. 11 displays the catalytic performance of SAPO-46 on
ethanol dehydration. It shows the results of methanol conversion

nd selectivity of DME at several reaction temperatures. Reacting at
50 ◦C for 6 h, the methanol conversion decreased from 80% to 75%.
t 450 ◦C, the methanol conversion almost keeps constant above
5%. For example, at 450 ◦C for 2 h and 6 h, the methanol conver-
ion is 77.1% and 75.9%, respectively. It means that SAPO-46 has
till the activity after reacting for 6 h with the selectivity of DME
bove 95%. When the reaction was performed at 585 ◦C, accompa-
ying with the deactivation of catalyst, the methanol conversion
as decreased from 72% to 62% for only 2 h. It indicates that the
atalytic activity of SAPO-46 decreased clearly with the reaction
emperature increasing from 450 ◦C to 585 ◦C. The coking forma-
ion over catalyst surface is a temperature related reaction. So at
he temperature above 450 ◦C, the deactivation rate of the SAPO-46
s depended on the increasing of coke formation.

The selectivity of DME (Fig. 11B) also keeps constant (about 98%)
t 450 ◦C during the reaction period with the selectivity of DME,
H4, C4, C6 being 98.7%, 0.6%, 0.2% 0.4%, respectively at 2 h and
9.0%, 0.4%, 0.1% 0.4%, respectively at 6 h. Although the selectivity of
H4 increases gradually when the reacting temperature increases

rom 450 ◦C to 585 ◦C, DME is still the main product on SAPO-46

ith the selectivity over 80%. It is well known that on many zeo-

ite catalysts, the DME selectivity of dehydration of methanol is
ow 68.23% accompanying with the quickly deactivating of cata-
yst [44]. What cause this? In previous investigations it has been
emonstrated that the main reason for catalyst deactivation in the

[

[
[
[

◦C, with nitrogen saturated by pure methanol (11% MeOH in N2) was used as feed

methanol dehydration step is the production of coke over the strong
acid sites [45–47]. Owing to the unique three-dimensional struc-
ture with large-pore (12-ring) in SAPO-46 and less strong acid sites
than zeolite bringing on less tendency to coke formation, the cata-
lyst of SAPO-46 can retain the high selectivity and activity at lower
temperature.

4. Conclusions

The present investigation describes a new one-step route to syn-
thesize pure AFS-type SAPO-46. In the presence of phosphorous
acid (H3PO3), SAPO-46 can be obtained in a wider range of gel com-
positions more conveniently. Raman and IR investigation indicate
that P(III) species have transformed to P(V) species during crystal-
lization. When the mixed phosphorus source of H3PO3 and H3PO4
are used, the crystallization speed of SAPO-46 is accelerated. Mean-
while Raman spectra reveal that the DPA molecules occluded are
present as the protonated form. In addition, SAPO-46 has high catal-
ysis selectivity and activity of dehydration of methanol to dimethyl
ether (DEM).
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