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MAPO-36 (ATS topology), which is one of the metalloalu-
minophosphate molecular sieves, was successfully synthesized
by means of dry-gel conversion (DGC) technique.

Metal-substituted aluminophosphates have been the subject
of a variety of studies since their synthesis was first reported by
Flanigen et al.1 The replacement of Al3þ by divalent, or P5þ by
tetravalent cations can lead to Br�nsted acid sites, which makes
these materials useful in acid-catalyzed reactions. At the same
time, molecular sieves with pores comprising of 12 T-atoms
(so-called 12-ring pores as well as ‘‘large-pores’’) are expected
to be useful because they should have ability to perform catalysis
and/or adsorption on relatively bulky organic molecules. MA-
PO-36 (ATS topology)2 is a magnesioaluminophosphate having
one-dimensional and 12-ring channels along [001] with 6:5�
7:4 �A of pore diameter and also annular side pockets.3 Molecular
sieves having ATS topology are interesting subjects to study in
connection with the fact that SSZ-55 was very recently discov-
ered as a silicate version of ATS.4 In the MAPO-36, aluminium
sites are partly substituted by magnesium atoms. Very often, co-
crystallization of MAPO-5 (AFI topology)2 is an obstacle to the
formation of pure ATS by hydrothermal synthesis (HTS) meth-
od.5

In order to overcome this problem, we tried to utilize dry-gel

conversion (DGC) technique.6–8 This technique is a kind of dry-
synthesis where the utilization of bulk water is avoided, which
can be more specifically classified into two different but interre-
lated methods; vapor-phase transport (VPT, as used by Kim et
al.6) and steam-assisted conversion (SAC, as used by Matsukata
et al.8) methods. Various aluminosilicate,8,9 boron-substituted,10

and titanium-substituted11,12 molecular sieves have been synthe-
sized by DGC technique. Unlike the HTS method, synthesis by
DGC allows nearly complete conversion of gel to high crystal-
line molecular sieve with high yield, and involves minimization
of waste disposal and reduction in reactor volume.6 Uniform
crystals with smaller particle size are also obtained by this tech-
nique.7,11 Moreover, there are some examples in which dry con-
ditions are essential or desired to give particular phases and
properties.7–9,11–13

We report here the synthetic investigation of pure ATS by
DGC technique. The effect of synthetic conditions on the phase
selection during the synthesis, and the characterization of the
products were the main interests of the study.

Although we verified that both VPT and SAC methods work
quite similarly in the ATS synthesis, we give only the results by
VPT method in this report. A typical procedure with an initial
gel composition 0.92Al2O3–0.17MgO–1.0P2O5–45H2O is as
follows: An aqueous solution of Mg(OCOCH3)2 (1.7mmol)
was added to an aqueous suspension of Al(OPr-i)3 (9.2mmol).
To this mixture, 40% H3PO4 (10mmol) was added and stirring
was continued until the gel became homogeneous. The gel was

then dried at 80 �C in an oil bath with continuous stirring. The
dry-gel obtained was ground into a fine powder and poured into
a small Teflon cup (20� 20mm I.D.), which was placed in a
Teflon-lined autoclave (23mL) with the support of a Teflon
holder. Pr3N (18mmol) as strucuture-directing agent (SDA)
and small amount (ca. 0.3 g per 1.0 g of dry gel) of water as
the source of steam were taken at the bottom of the autoclave
in such a manner that these vapor sources never came into the
direct contact with the dry-gel. The heating protocol was
105 �C for 48 h, followed by 140 �C for 24 h. After the crystalli-
zation, the product was washed by centrifuging and dried to give
2.65 g of white powder. This as-synthesized sample was careful-
ly calcined in a flow of air (50 cm3min�1) as follows: The tem-
perature was raised from 25 to 200 �C over a period of 1.5 h, and
maintained at 200 �C for 2 h. Then the temperature was raised to
550 �C over a period of 3 h and kept at 550 �C for another 6 h,
and finally cooled in ambient conditions. Characterizations were
performed by various physicochemical techniques.

Table 1 shows the selected results of the synthesis by VPT,
and Figures 1b and 1c show the representative XRD patterns of
the resultant pure ATS. The XRD pattern of ATS contaminated
by AFI (synthesized by HTS method) and the simulated pattern
of ATS are also shown for comparison in Figures 1a and 1d, re-
spectively. The conditions for pure ATS formation were opti-
mized with the variation of gel compositions and heating proto-
col. As shown in Table 1, the phase selection was very sensitive
to the heating protocol. When the dry-gel was isothermally heat-
ed at 140 or 150 �C for 48 h, a mixture of ATS and AFI was
formed (Samples 1 and 2). Heating at lower temperature
(105 �C) for 12–84 h caused no crystallization. Interestingly,
stepwise heating at 105 �C for 48 h (the first step) followed by
140 �C for 24 h (the second step) gave pure ATS (Samples 3

Table 1. Synthesis of MAPO-36 by DGC techniquea,b

Sample
MgO/Al2O3

c Temp./�C and Time/hg Product
No.

1 0.180 140(48) ATS + AFI
2 0.180 150(48) ATS + AFI
3 0.180d 105(48)–140(24) ATS
4 0.180 105(48)–150(24) ATS
5 0.180 100(48)–140(24) ATS + AFI
6 0.180 100(72)–120(72)–140(72) ATS + AFI
7 0.100e 105(48)–140(24) ATS
8 0.050 105(48)–140(24) ATSh

9 0.250f 105(48)–140(24) ATSi

10 0.326 105(48)–140(24) AFI + impurity
aStarting gel composition: Al2O3/P2O5 = 0.92, Pr3N/P2O5 =
1.8, H2O/P2O5 = 40–45. bVPT method was used. cMgO/Al2O3

molar ratio in the starting gel. dThe ratio in the product deter-
mined by ICP is 0.174. e0.097 in the product. f0.240 in the prod-
uct. gTime is shown in parenthesis. hCrystallinity is low. iWith
trace impurity.
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and 4 in Table 1, and Figure 1b). The slight change of tempera-
ture in the second step did not hinder the formation of pure ATS,
whereas very small change in the first step (from 105 to 100 �C)
caused the formation of the mixture of ATS and AFI phases. The
results were quite reproducible.

This observation prompted us to investigate the effect of the
first step of the heating protocol. The heating time of the first step
at 105 �C (denoted t1) was varied from 12 to 72 h, fixing the sec-
ond step at 140 �C for 24 h. When t1 was 12 and 24 h, products
were the ATS with considerable amount of AFI. With increasing
t1 up to 36 h, relative content of AFI decreased. Further increase
in t1 completely prevented the formation of AFI phase, leading
to the crystallization of pure ATS when t1 ¼ 48{72 h. In case
that the heating time of the second step at 140 �C (denoted t2)
was varied from 12 to 72 h with fixing t1 for 24 h, the products
were always the mixture of ATS and AFI with no obvious ten-
dency of the relative content. These observations suggest that
there is no phase transformation from AFI to ATS (or inverse),
but there should be competitive nuclei formation of the two
phases, and the first step (t1) is critical governing factor for the
nucleation.

Starting MgO/Al2O3 ratio influenced on the phase purity of
ATS (Table 1, Samples 3, 7–10).14 The ratios between 0.1 and
0.25 successfully gave pure ATS. The effective range was a little
narrower than that previously reported (0.14 < MgO/Al2O3 <
0.58). When the ratio was below 0.1 or above 0.25, poorly crys-
talline ATS or AFI with other impurities were formed, respec-
tively. Elemental analysis of the ATS product showed that the
MgO/Al2O3 ratio in the starting gel was retained in the as-syn-
thesized sample, suggesting that major portion of gel phase was
converted to the ATS phase (Table 1, Samples 3, 7, and 9). The
amount of Pr3Nwas important and the pure ATS crystallized on-
ly when 0.49 < Pr3N/Al2O3 < 1.96. ATS crystallized even in
the absence of external bulk water, indicating that very minute
amount of water is necessary for the crystallization of ATS. In
this case, water molecules adhered to the dry-gel could have con-
tributed to the crystallization.

Thus, a convenient methodology to synthesize pure ATS
was established. It should be noted that the synthesis of pure

ATS by HTS5 was still difficult even when starting from the
same gel composition and carefully synthesized under exactly
analogous conditions to DGC, resulting in the reproducible for-
mation of ATS contaminated by AFI (Figure 1a).

Figures 2a and 2b show the SEM photographs of as-synthe-
sized samples obtained by HTS and DGC (VPT), respectively.
The sample from HTS contains particles with different morphol-
ogies (Figure 2a), being consistent with Figure 1a. In this sam-
ple, needle-like crystallites as long as 40mm are assigned to be
ATS on the basis of particle distribution and a SEM image in cit-
ed Ref. 5. Differently, very small rod-like or spherical crystalli-
tes (0.2–0.8 mm) of ATS are observed in case of DGC (Figure
2b), which is advantageous concerning catalytic use. Careful cal-
cination steps as described in the experimental part were essen-
tial to obtain the reasonable porosity. According to the N2 ad-
sorption isotherm, carefully calcined ATS has a micropore
volume of 0.16 cm3g�1 and the BET surface area of 360m2g�1.
NH3-TPD profiles showed three desorption peaks between 200
and 450 �C, indicating that the sample has low to medium acidic
properties. This suggests that at least some Mg atoms are incor-
porated in the framework. In conclusion, DGC method was suc-
cessfully and conveniently applied to synthesize MAPO-36. Cat-
alytic investigation of these materials will be forthcoming.

S. K. S. is grateful to the Ministry of Education, Culture,
Sports, Science and Technology for the grant of a Japanese Gov-
ernment Scholarship.

References
1 E. M. Flanigen, B. H. Lok, R. L. Patton, and S. T. Wilson, Pure Appl.

Chem., 58, 1351 (1986).
2 Ch. Baerlocher, W. M. Meier, and D. H. Olson, ‘‘Atlas of Zeolite

Framework Types’’, 5th ed., Elsevier, Amsterdam (2001); http://
www.iza-structure.org/databases/

3 J. Smith, J. J. Pluth, and J. K. Andries, Zeolites, 13, 166 (1993).
4 M. G. Wu, M. W. Deem, S. A. Elomari, R. C. Medrud, S. I. Zones, T.

Maesen, C. Kibby, C.-Y. Chen, and I. Y. Chan, J. Phys. Chem. B, 106,
264 (2002).

5 D. B. Akolekar, J. Catal., 143, 227 (1993).
6 M. H. Kim, H. X. Li, and M. E. Davis, Microporous Mater., 1, 191

(1993).
7 P. R. H. P. Rao and M. Matsukata, Chem. Commun., 1996, 1441.
8 M. Matsukata, M. Ogura, T. Osaki, P. R. H. P. Rao, M. Nomura, and E.

Kikuchi, Top. Catal., 9, 77 (1999).
9 R. Bandyopadhyay, R. K. Ahedi, Y. Kubota, M. Ogawa, Y. Goto, Y.

Fukushima, and Y. Sugi, J. Mater. Chem., 11, 1869 (2001).
10 R. Bandyopadhyay, Y. Kubota, N. Sugimoto, Y. Fukushima, and Y.

Sugi, Microporous Mesoporous Mater., 32, 81 (1999).
11 T. Tatsumi and N. Jappar, J. Phys. Chem. B, 102, 7126 (1998).
12 A. Bhaumik and T. Tatsumi, Microporous Mesoporous Mater., 34, 1

(2000).
13 T. Takewaki, S. Hwang, H. Yamashita, and M. E. Davis, Microporous

Mesoporous Mater., 32, 265 (1999).
14 M. V. Giotto, M. da S. Machado, S. P. O. Rios, J. Pérez-Pariente, D.
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Figure 1. Powder XRD patterns of (a) as-synthesized sample
obtained by HTS method (asterisks denote representative peaks
from AFI impurity), (b) as-synthesized, pure ATS sample ob-
tained by VPT method (Sample 3 in Table 1), (c) sample (b) cal-
cined as described in the text, and (d) simulated pattern given for
comparison.
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Figure 2. SEM photographs of Samples (a) and (b) in Figure 1.

Chemistry Letters Vol.32, No.11 (2003) 1027

Published on the web (Advance View) October 13, 2003; DOI 10.1246/cl.2003.1026


