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Thermal stability and the effect of water-coordination of a silicoaluminophosphate, SAPO-34,
were investigated on the basis of multinuclear NMR studies. Crystalline silicoaluminophosphates
(SAPOs) have been found as a new family of synthetic molecular sieves. The expected applications
of SAPOs are as adsorbents and catalysts. Thermal stability is one of the crucial factors in applying
SAPOs as automotive exhaust catalysts. *Al-, Si-, and 'P-NMR spectra and XRD as a function
of temperature showed the microporous structure of SAPO-34 to be stable up to 1000°C. The effect
of water-coordination on the Al- and YP-NMR spectra also showed the adsorptive properties of
SAPO-34 to be stable up to {000°C. In this paper, SAPO-34 was found 1o be promising as an

automotive exhaust catalyst with a microporous structure and high heat resistance.

Press, Inc.

INTRODUCTION

Crystalline silicoaluminophosphates
(SAPOs) have been found as a new family
of synthetic molecular sieves (/). By incor-
porating of silicon into an aluminophosphate
framework, SAPOs show the catalytic prop-
erty of solid acids (2). The expected applica-
tions of SAPOs are as adsorbents and cata-
lysts, because there exist many design
parameters in crystal structure and crystal
chemistry (3-5).

One of the crucial factors for an applied
catalyst, especially for an automotive ex-
haust catalyst, is thermal stability. Under
extreme conditions, automotive exhaust
catalysts are exposed to heat of 1000°C.
Therefore, some automotive exhaust cata-
lysts are required to be stable at tempera-
tures up to 1000°C. Conventional zeolites
are usually stable below approximately
850°C (6). Since SAPOs are expected to be
thermally stable at 1000°C (/), they are
promising catalysts for automotive exhaust
gases. A preliminary experiment for NOx
conversion featured SAPO-34.
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The thermal stability of SAPO-34 is dis-
cussed from the basis of a study of the local
structures and adsorptive properties of
water mainly by solid-state NMR. In actual
use, some c¢lements are supported on
SAPO-34. We considered the thermal stabil-
ity of both element and support, but that of
the support was considered foremost in this
paper. The use of multinuclear solid-state
NMR techniques permits analysis of the
local structure in crystalline and amorphous
silicoaluminophosphates. Studies of the
framework structure and acidic properties
of SAPOs by NMR were reported pre-
viously (2, 7-10). We focus on the thermal
stability of SAPO-34 using multinuclear
NMR.

Blackwell and Patton have shown that the
adsorption of water causes a remarkable
change in the “AI-NMR spectra (8). On the
basis of this fact, the change in the "’ Al- and
YP-.NMR spectra caused by the adsorp-
tion—desorption of water was also investi-
gated to study the effect of thermal anneal-
ing at temperatures up to 1100°C on the
adsorptive properties of SAPO-34. This dy-
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namic feature of the coordination at alumi-
num sites (8) was also observed at phospho-
rus sites in this work.

EXPERIMENTAL

SAPO-34 was synthesized hydrother-
mally according to published methods (/7).
The material was crystallized at 200°C from
areactive mixture containing aluminum-iso-
propoxide, phosphoric acid, silica sol
(Si:Al:P = 0.1:0.5:0.4), and tetracthyl-
ammoniumhydroxide as a template. The
product was calcined in fresh air at 550°C
to remove the template. The chemical com-
position of the calcined product was (Si
Al 5oP0.42)0,. This composition was ob-
tained by X-ray photoelectron spectroscopy
with a VG ESCALAB mklII. The calcined
SAPO-34 was subjected to heat treatment
at temperatures of 800, 900, 1000, and
1100°C, for 2 h in an ambient atmosphere.

The NMR spectra were obtained on a
Bruker MSL.300 NMR spectrometer operat-
ing at a field of 7 T using the magic-angle-
spinning (MAS) technique, and occasionally
cross-polarization (CP) technique was used
under the Hartmann-Hahn condition. 2’Al-,
3P-, and **Si-NMR spectra were recorded at
78.21, 121.50, and 59.62 MHz, respectively.
Spinning speeds of 2.5 kHz were used for
»Siand 3.5 kHz for Al and *'P. The chemi-
cal shifts of the “Al-, *P-, and *Si-NMR
were referred to external AI(H,0)* in AICI,
aqueous solution, external H,PO, (85%),
and external tetramethylsilane, respec-
tively. Recycle times were 6, 30, and 90 s
for Z’Al, P, and *Si, respectively, which
were chosen to avoid sautration effect.
Short pulses (< 7/12) were used for *Al
spectra to ensure that they were quantita-
tively reliable (12, 13). All the samples were
equilibrated with the saturated water vapor
of a NH,CI solution before packing into
NMR-MAS rotors, except for dehydrated
samples. The dehydration was carried out
by heating samples in a vacuum at 180°C
for 15 h. The samples were rehydrated by
keeping with the saturated water vapor of
NH,CI solution. X-ray powder diffraction
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F1G. 1. X-ray powder diffraction patterns of hydrated
SAPO-34 heated at each temperature.

data were recorded on a Rigaku RU-200
X-ray diffractometer with Co-Ka X-rays.
The surface area was measured with a Shi-
madzu surface area analyzer using the BET
method.

RESULTS AND DISCUSSION

Figure 1 shows the X-ray powder diffrac-
tion patterns of the samples heated at each
temperature. After removal of the template
no effective change in the X-ray powder dif-
fraction pattern was observed for the sample
heated at temperatures up to 1000°C, while
a distinct pattern change was recorded for
the sample heated at 1100°C. This indicates
that SAPO-34 retains its long-range order
after heat treatment at temperatures as high
as 1000°C.

The "AI-MAS-NMR spectra of the sam-
ples hydrated after the heat treatment at



432

each temperature are shown in Fig. 2. As-
synthesized SAPO-34, containing the tem-
plate, showed a single line. After the tem-
plate was removed, two broad lines at 44
and — 13 ppm were observed for the samples
heated at temperatures up to 1000°C, while
a single narrow line at 40 ppm for the sample
heated at 1100°C was observed. This indi-
cates that SAPO-34 retained its short-range
order around Al after heat treatment at tem-
peratures as high as 1000°C.

The line at — 13 ppm was found to disap-
pear on dehydration and to be restored by
rehydration of the dehydrated line, as is typ-
ically shown for the sample heated at 1000°C
in Fig. 3. Careful analysis of the two lines
showed that a nearly quantitative intensity
transformation between the two lines occur-
red in the dehydration-hydration process.
A single line of the dehydrated sample broke
up into two lines upon hydration. The pres-
ence of water molecules produced different
aluminum environment. After rehydration
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F1G. 2. YAI-MAS-NMR spectra of hydrated SAPO-
34 heated at each temperature.
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FiG. 3. AI-MAS-NMR spectra of SAPO-34 heated
at 1000°C: bottom, hydrated; middle, dehydrated: top.
rehydrated.

two lines collapsed into the single line. This
spectral change occurred reversibly. Hy-
droxyl groups in SAPO-34 still remain in
this dehydration process (2, /4). The line at
—13 ppm was strongly cross-polarized to
protons by {'H-""Al} CP-MAS, as shown in
Fig. 4. This indicates that the Al atoms giv-
ing the line at —13 ppm have a strong inter-
action with water. The interaction between
Al and the water molecule did not change
after heat treatment at temperatures as high
as 1000°C.

The *'P-MAS-NMR spectra of the SAPO-
34 hydrated after being heated at various
temperatures are shown in Fig. 5. The sam-
ple heated at temperatures up to 1000°C
showed a rather broad and asymmetrical
line. The chemical shifts observed in the
figure are characteristic of tetrahedral phos-
phorus. This asymmetrical line remained
unchanged when the sample was heated at
temperatures up to 1000°C, but it changed
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FiG. 4. YA-NMR spectra of hydrated SAPO-34
heated at 1000°C: bottom, CP-MAS: top, MAS.
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F1G. 5. 'P-MAS-NMR spectra of hydrated SAPO-
34 heated at each temperature (*, spinning side band).

a

=

a0
ppm

40 0 .-80.

FiG. 6. 'P-MAS-NMR spectra of hydrated SAPO-34
heated at 1000°C: bottom, hydrated; middle, dehy-
drated; top. rehydrated (*, spinning side band).

into a sharp and symmetrical line when
heated at 1100°C. On the other hand, as-
synthesized SAPO-34 containing the tem-
plate showed a single sharp and symmetrical
line, which implies the asymmetrical line
came from the adsorption of water mole-
cules in the micropores of SAPO-34. This
indicates that SAPO-34 retained its short-
range order around phosphorus after heat
treatment at temperatures as high as 1000°C.

Figure 6 shows the *’P-MAS-NMR spec-
tra of the sample hydrated after being heated
at 1000°C, dehydrated, and rehydrated after
the dehydration. This spectral change
clearly indicates that the asymmetrical line
resulted from the water molecule coordina-
tion to part of the P atoms in SAPO-34.
Upon dehydration, the asymmetrical and
broad line was changed into a symmetrical
and rather sharp line. The line of the hy-
drated sample and that of the dehydrated
sample have the same intensity. The water
molecule coordination is consistent with the
observations in a {{H-*'P} CP-MAS experi-
ment (Fig. 7). A downfield shoulder of the
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Fic. 7. 'P-CP-MAS-NMR spectra of hydrated
SAPO-34 heated at each temperature (*, spinning side
band).

asymmetrical line was found to be more en-
hanced than the upfield line; part of the P
atoms giving the downfield shoulder inter-
acted tightly with water molecule. On the
other hand, as-synthesized SAPO-34, con-
taining the template, showed only one sharp
line in a {'H-*'P} CP-MAS and a MAS ex-
periment; no hydrogen atoms were located
closely to the P atom of SAPO-34.

Si-MAS-NMR spectra are shown in Fig.
8. No spectral change were caused by heat
treatment at temperatures up to 1000°C. The
local structures around the Si atom also re-
mained unchanged when SAPO-34 was
heated at 1000°C. Because of a poor signal-
to-noise ratio, however, no further discus-
sion was possible in this work.

The above studies on ’Al-, *'P-, and *°Si-
NMR and X-ray powder diffraction studies
clearly indicate that SAPO-34 retained
short-range order as well as long-range
order even after heat treatment at tempera-
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FIG. 8. Si-MAS-NMR spectra of hydrated SAPQO-34
heated at each tmeperature.

-150

tures as high as 1000°C in air. To corroborate
this result, specific surface areas of SAPO-
34 heated at given temperatures were mea-
sured by the BET method, and the results
are given in Table 1. The specific surface
area remained effectively unchanged for the
samples heated at temperatures up to

TABLE 1

Specific Surface Areas of SAPO-34 Heated at
Various Temperatures

Temperature (°C) Specific surface

area (m’/g)
As-synthesized 20
550 224
800 217
900 238
1000 184
1100 17
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1000°C. However, a distinct reduction of the
specific surface area was observed for the
sample heated at 1100°C. This fact implies
that the microporous structure was de-
stroyed by heat treatment at 1100°C. The
change in the specific surface area with the
heating temperature was consistent with the
structural change in SAPO-34, as described
above.

The resonance at —13 ppm in the YAl-
NMR spectra (Figs. 2 and 3) ranged in an
octahedral coordination. The resonance in
the octahedral range has been also observed
in SAPO-37 and is attributed to extralattice
aluminum from the partial destruction of the
framework (2). In the case of SAPO-34 this
does not imply that part of the Al atoms is
out of the crystalline framework of SAPO-
34 because of the reversible spectral change
in the dehydration-hydration process.
Blackwell and Patton have assigned this res-
onance to the tetrahedral framework of the
Al species with secondary coordination of
water (8). The chemical shift has been as-
sumed to come from alternation of the Al
nuclear symmetry and/or distortion of the
neighboring framework geometry. The dy-
namic feature of the line in the hydra-
tion—rehydration process indicates that the
local structures around the Al sites in
SAPO-34 remain unchanged even after heat
treatment at 1000°C.

MAS and CP-MAS *'P-NMR experiments
indicate that the local structure around the
P sites in SAPO-34 remain unchanged even
after heat treatment at 1000°C, as shown in
Figs. 6 and 7. The asymmetrical line ob-
served in the hydrated SAPO-34 likely con-
sists of two resonance lines separated into
two Gaussian lines, as shown in Fig. 9. Each
line had a different line width but the same
intensity. The broader Gaussian line at —19
ppm will result from tetrahedral P sites with
additional coordination of the water mole-
cule, and the narrower line at —28 ppm will
result from tetrahedral P sites without the
additional coordination.

The NMR studies indicate that there exist
two types of tetrahedral sites for both the

Al and P atoms in SAPO-34, However, the
silicon incorporation was not sufficient to be
consistent with these results. By neglecting
the silicon incorporation, there is only one
crystallographic type of T (= Al, P) site in
the dehydrated framework (6, 15). It is im-
plied that there was only one kind of tetrahe-
dral T (= Al, P) site for the dehydrated sam-
ple, but it split into two different chemical
shifts with an intensity ratio of about 1:1
for the hydrated sample. This discrepancy
may be solved by assuming that water mole-
cules adsorb or coordinate either on the Al
site or the P site randomly. The distance
between the adjacent sites will be too short
to accommodate two water molecules on
adjacent sites. It is unlikely that another
water molecule could adsorb on the site ad-
jacent to the sites with water molecules ad-
sorbed. Thus, there appear to be two types
of T sites, for both the Al and P atoms in
SAPO-34; one has a strong interaction with
water and the other does not.

observed
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F16. 9. Deconvolution of *P-MAS-NMR spectrum
of hydrated SAPO-34 heated at 1000°C.
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CONCLUSIONS

The microporous structure of SAPO-34
was mainly by NMR found to be thermally
stable at temperatures as high as 1000°C.
The adsorptive properties of water also
remained unchanged for SAPO-34 heat-
treated at temperatures up to 1000°C. In this
study, SAPO-34 was found to be a promising
catalyst with a microporous structure and
high heat resistance.

ACKNOWLEDGMENTS

We thank A. Isogai and M. Kimura for their encour-
agement of this work. We also thank H. Suzuki and
A. Watanabe for their help in synthesizing SAPO-34.

REFERENCES

!. Wilson, S. T., Lok, B. M., Messina, C. A.,
Cannan, T. R., and Flanigen, E. M., J. Am. Chem.
Soc. 104, 1146 (1982).

2. Sierra de Saldarriaga, L., Saldarriaga, C., and
Davis, M. E., J. Am. Chem. Soc. 109, 2686 (1987).

3. Flanigen, E. M., Patton, R. L., and Wilson, S. T.,
in “*Innovation in Zeolite Materials Science' (P. J.
Grobet, W, J. Mortier, G. Schuiz-Ekloff, and

10.

11.

12.

13.

14.

15,

. Breck, D. W.,

WATANABE ET AL.

E. F. Vansant, Eds.), Vol. 37, p. 13. Elsevier,
Amsterdam, 1988.

. Xu, Y., Grey, C. P., Thomas, J. M., and Cheet-

ham, A. K., in *“Catl. Sci. Technol., Proc. Tokyo
Conf. 1st Meeting.”’ Kodansha, Tokyo, 1990.

. Anderson, M. W., Sulikowski, B., Barrie, P. J.,

and Klinowski, J., J. Phys. Chem. 94(7), 2730
(1990).

‘“Zeolite Molecular Sieves.”
Krieger, Florida.

. Sanz, J., Campelo, J. M., and Marinas, J. M., J.

Catal. 130, 642 (1991).

. Blackwell, C. S., and Patton,R. L., J. Phys. Chem.

92, 3965 (1988); J. Phys. Chem. 88, 6135 (1984).

. Anderson, M. W., Sulikowski, B., Barrie, P. J.,

and Klinowski, J., J. Phys. Chem. 92, 3965 (1988).
Hasha, D., Sierra de Saldarriaga, L., Saldarriaga,
C., Hathway, P. E., Cox, D., and Davis, M. E.,
J. Am. Chem. Soc. 110, 2127 (1988).

Lok, B. M., Messina, C. A., Patton, R. L., Gajek,
R. T., Cannan, T. R., and Flanigen, E. M., U.S.
Patent 4 440 871 (1984).

Samson, A., and Lippmaa, E., Phys. Rev. B 28,
6567 (1983).

Fenzke, D., Freude, D. Frohlich, T., and Hasse,
J., Chem. Phys. Lert. 111, 171 (1984).

Zubkov, S. A., Kustov, L. M., Kazansky, V. B.,
Girnus, I., and Fricke, R., J. Chem. Soc. Faraday
Trans. 87, 897 (1991).

Meier, W. M., and Olson, D. H., **Atlas of Zeolite
Structure Types.'’ Butterworths, London, 1987.



