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The thermal stability of zeolite beta has been studied by 129Xe NMR and adsorption isotherm of 
adsorbed xenon in correlation with data from X-ray diffraction and 27A1 magic-angle-spinning NMR 
experiments. Samples subject to different calcination and dehydration conditions were examined. 
Minor destruction of the crystalline framework resulting from dealumination processes has been 
found for samples treated at a temperature as small as 400°C. At higher temperatures, a severe 
process of dealumination involving the breaking of 12-membered rings leads to the conclusion that 
the maximum regeneration temperature of zeolite beta lies near 760°C. © 1991 Academic Press, Inc. 

INTRODUCTION 

Zeolite beta is one of the few high-silica 
zeolites having a structure of three-dimen- 
sional 12-membered rings with stacking dis- 
order (1-5). Arising from its highly siliceous 
nature and large pores, many applications 
of zeolite beta in aromatic transalkylation 
(6-8) and disproportionation (9, 10), ali- 
phatic hydrodewaxing (11, 12) and hydro- 
isomerization (13), and cracking (14-16) 
have been demonstrated. It is well known 
that the thermal and hydrothermal stabilities 
of zeolites increase with their Si/A1 ratios; 
the stability of zeolite beta is therefore cru- 
cial for practical applications. In practice, 
the activity of zeolite, which decreases with 
increasing time-on-stream, is commonly re- 
generated by burning its coke deposition 
at a temperature typically in the range 
500-700°C. Perez-Pariente et al. (17, 18) re- 
ported a maximum temperature 550°C of 
thermal stability much below that for zeo- 
lites X, Y, or ZSM-5; such behavior is unex- 
pected in relation to its highly siliceous na- 
ture. Moreover, the recent results of 
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Bourgeat-Lami et al. (19, 20) who found 
a reversible behavior upon dealumination/ 
realumination have shed further light on the 
stability of zeolite beta. 

As the regeneration temperatures of zeo- 
lite catalysts lie typically near 600°C, it is of 
practical importance to justify further the 
regeneration temperature of zeolite beta. 
Another important question to be resolved 
is the origin of structural instability and the 
corresponding decrease of crystallinity that 
may accompany framework dealumination. 
We here report the use of 129Xe NMR and 
27A1 magic-angle-spinning (MAS) NMR to 
investigate the stability of zeolite beta at 
different temperatures of calcination; the in- 
stability of the zeolite framework reflecting 
the changes of pore structure has been moni- 
tored by variations of NMR lineshapes and 
chemical shifts. The NMR results are also 
correlated with data from X-ray diffraction 
and xenon adsorption isotherms. 

EXPERIMENTAL 

The sample of zeolite beta was synthe- 
sized with hydrothermal method according 
to the procedures of Wadlinger et al. (1); its 
chemical composition was 95.7 wt% SiO2 
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T A B L E  1 

T r e a t m e n t  C o n d i t i o n s  and  C h a r a c t e r i s t i c s  

o f  Zeo l i t e  B e t a  S a m p l e s  

Sample A B C D E F 

Calcination ° 
Temperature (°C) None None 560 760 900 1000 

Dehydration b 
Temperature (°C) 200 400 400 400 400 400 
Duration (h) 60 15 15 15 15 15 

Calcined in dry air at a heating rate 3°C min -1, then main- 
tained at the specified temperature for 6 h. 

b Dehydrated under 10 -5 Tort vacuum (1 Torr = 133.3 N • 
m-2); heating rate I°C min-L 

and 4.29 wt% A120 3 with 3666 ppm Na and 
273 ppm Fe. The above analysis gives a mo- 
lar ratio SIO2/A1203 = 37.9. Samples sub- 
jected to different thermal treatments are 
specified in Table 1. 

All samples were first calcined under deep 
bed configuration, enclosed in 10-mm NMR 
tubes with vacuum stopcock, then subjected 
to dehydration. Afterward, xenon adsorp- 
tion isotherms were measured at room tem- 
perature (22°C) by a volumetric method. Be- 
fore the NMR measurements were taken, 
gaseous xenon was introduced into the sam- 
ple tube at a particular equilibrium pressure. 
Room-temperature 129Xe NMR spectra of 
adsorbed xenon were obtained on a Bruker 
MSL-300 spectrometer operating at 83.01 
MHz. Typically, 102-2 × 105 signal acquisi- 
tions were accumulated for each spectrum 
with a recycle delay 0.2 s between 90 ° 
pulses. The 129Xe chemical shift values were 
referred to that of xenon gas extrapolated to 
zero pressure using the equation reported 
by Jameson (21) and Jameson et al. (22). 

For X-ray diffraction patterns and 27A1 
NMR experiments, rehydrated samples 
were used; these rehydrated zeolite samples 
were prepared by storing under saturated 
NaC1 solution at room temperature for at 
least 3 days. The 27A1 MAS NMR spectra 
were recorded at 78.21 MHz using the same 
NMR spectrometer described above. Sam- 
ples were enclosed in a 7-mm rotor and a 
spinning frequency of ca. 5 KHz was used. 
All 27A1 NMR spectra were obtained at room 
temperature using a single-pulse scheme 

with a recycle delay of 0.3 s. The 27A1 chemi- 
cal shifts were referred to saturated A1CI3 
solution. Powder X-ray powder diffraction 
measurements were made with an auto- 
mated Siemens D-500 diffractometer using 
CuKct radiation; the diffraction profiles 
were scanned in the to-20 mode and in steps 
of 0.02 ° . 

R E S U L T S  A N D  D I S C U S S I O N  

X-Ray Diffraction 

The effects of thermal treatment on X-ray 
diffraction patterns are presented in Fig. 
l(a). The diffractogram shows two major 
characteristic peaks located at 20 -= 7.8 ° and 
22.6°; the pattern is essentially similar to 
that found previously (3). The appearance 
of both sharp and broad features in the pat- 
tern has been ascribed to structural faulting 
in zeolite beta (3). The existence of stacking 
faults in zeolite beta therefore precludes the 
derivation of structural data by conven- 
tional methods. Nevertheless, the degree of 
planar faulting can be gauged by simulation 
of powder diffraction patterns (3, 23). 

At a calcination temperature T~ -> 560°C, 
the peak intensity at 20 -=- 22.6 ° decreased 
with increasing To, where the peak intensity 
at 20 --- 7.8 ° remained almost unchanged, 
indicating a decrease in zeolite crystallinity. 
At Tc = 1000°C, the sharp peaks disap- 
peared so as to reveal a complete collapse of 
the structure. Observing a similar behavior, 
Perez-Pariente et al. gave a precursor tem- 
perature T~ = 550°C for structural instability 
of zeolite beta calcined overnight in air (17). 
However, Corma et al. independently con- 
cluded that zeolite beta remains stable up to 
T~ = 750°C after 3 h of sample steaming 
treatment under atmospheric pressure (16). 
The X-ray results in this report therefore 
confirm that the precursor temperature for 
structural instability of zeolite beta occurs 
near T~ = 560°C. However, X-ray diffrac- 
tion data alone cannot provide insight into 
the mechanisms of the framework collapse. 

27A1 NMR Experiments 

The room-temperature 27A1 MAS NMR 
spectra of rehydrated zeolite beta samples 
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FIo. 1. Variation of (a) X-ray diffraction pattern and (b) 27A1 MAS NMR spectrum of zeolite beta with 
different thermal treatments (Table 1). 

are given in Fig. l(b). The 27A1 NMR results 
are, in general, consistent with the X-ray 
diffraction data shown in Fig. l(a). This ob- 
servation is supported by the decrease of the 
tetrahedral aluminum peak, chemical shift 
8 = 53-54 ppm, with increasing T~. How- 
ever, the appearance of the octahedral alu- 
minum peak, 6 = 0 ppm, at a treatment 
temperature as small as 400°C is also evi- 
dent. For T¢ > 400°C, the octahedral alumi- 
num peak decreased rapidly as T¢ was in- 
creased indicating that zeolite beta becomes 
unstable at lower temperatures than pre- 
viously recognized. At T~ -> 1000°C, both 
tetrahedral and octahedral aluminum peaks 
disappeared reflecting the plausible exis- 
tence of an amorphous phase and the com- 
plete destruction of the crystalline frame- 
work structure consistent with the X-ray 
diffraction data shown in Fig. l(a). 

The mechanisms to account for the con- 
tinuous decrease and subsequent disappear- 
ance of both tetrahedral and octahedral alu- 

minum species upon increasing Tc remain 
the subject of debate. A recent report by 
Bourgeat-Lami et al. observed a 19% de- 
crease in the tetrahedral A1 peak while that 
of the octahedral A1 peak remained un- 
changed after deammoniation of NH4-/3 zeo- 
lite by calcination at 550°C (20). However,  
the above observations are not compatible 
with results obtained from this study where 
a simultaneous decrease in both tetrahedral 
and octahedral AI peaks upon increasing Tc 
were evident. Bourgeat-Lami et al. (20) as- 
cribed the missing AI signal to the formation 
of "NMR-invisible" AI species associated 
with A1 atoms in asymmetric environments 
with large quadrupole interactions (24). The 
existence of non-framework AI species has 
also been found in other zeolites (25-29). 
A subsequent treatment of the sample with 
acetylacetonate restored most of the A1 sig- 
nal (within the experimental precision of 
10%) accompanied by a partial dealumina- 
tion of framework indicated by a decrease 
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FIG. 2. Xenon adsorption isotherm for samples of zeolite beta with differing thermal treatments 
(Table 1). 

of tetrahedral AI signal and an increase of 
octahedral A1 intensity (20). The existence 
and the nature of NMR-invisible AI species 
therefore demand future investigation. 

For NH~-exchanged zeolite beta, it has 
been shown that dealumination is more 
likely to occur in a deep bed calcination and 
is accompanied by a decrease in the number 
of hydroxyl groups during calcination treat- 
ments (18). Although 29Si MAS NMR is use- 
ful in probing the framework of zeolites, 
in the case of zeolite beta 29Si NMR gave 
ambiguous results (18, 30) and the change of 
the local geometries about the silicon nuclei 
was fou.,d to be negligible with structural 
reformation (23). Therefore, for probing the 
structural change of zeolite beta, NMR mea- 
surements of a non-framework species is 
desirable. A different approach to this prob- 
lem has been demonstrated using 129Xe 
NMR spectroscopy in conjunction with ad- 
sorption isotherm measurements of the ad- 
sorbed xenon. 

129Xe NMR Spectroscopy and Xenon 
Adsorption Isotherms 
129Xe NMR spectroscopy of xenon ad- 

sorbed on zeolites, pioneered by Ito and 
Fraissard (31) and by Ripmeester (32), has 
been shown to be a useful probe of its local 
environment due to its chemical inertness 

and excellent sensitivity. Owing to its wide 
range of chemical shift (21, 22), 129Xe NMR 
has been utilized to characterize the void 
space (33, 34) and the structural and chemi- 
cal properties of zeolites (31, 35). 

The xenon adsorption isotherms in Fig. 2 
show a relatively small capacity of adsorp- 
tion of sample A, due to the presence of an 
organic template in the zeolite pores (17). 
Upon dehydration at 400°C (sample B), 
most template has been removed resulting 
in a substantial increase of adsorption ca- 
pacity. For calcined samples, the adsorption 
capacity decreases with increasing To; the 
dramatic drop in the range 700-900°C is con- 
sistent with the X-ray and 27A1 NMR results 
(Fig. 1). Moreover, complete structural col- 
lapse at 1000°C is indicated by the lack of 
adsorption. 

The dependence of the 129Xe chemical 
shift on the density of adsorbed xenon is 
presented in Fig. 3 with data obtained from 
dehydrated NaY sample. The measured 
chemical shift 8 of xenon is described as the 
sum of four terms (33): 

= 80 + (~s + 8e + Orxe-xe " Pxe, 

where 80 = 0 is the reference, and 8s corres- 
ponds to the shift at zero xenon loading, 
which represents interactions between xe- 
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FIG. 3. 129Xe NMR chemical shift (6) as a function of  xenon density (Px~) for zeolite beta (Table 1) and 
dehydrated NaY zeolite. 

non atom with the zeolite wall. It has re- 
cently been shown that the value of 6s may 
be a complicated function of the sorption 
energy, void space, and temperature (36). 
The term 6e arises from the "electric ef- 
fects" caused by the cations or from the 
presence of strong adsorption sites. The last 
term, being characteristic of xenon-xenon 
interactions in which binary collision of xe- 
non atoms dominate, is proportional to den- 
sity of the adsorbed xenon (Pxe); the slope 
of the plot 6 vs Px~ at a sufficiently great 
density of xenon therefore yields O-x~_x, 
which may be used to characterize the varia- 
tion of internal void space of the zeolite. 

At 400°C -< T c -< 760°C and for xenon 
density exceeding ca. 3 x 102o atom • g-i  
(Fig. 3), the 129Xe spectra consist of two 
overlapping peaks, illustrated in Fig. 4 for 
sample C at various xenon equilibrium pres- 
sures. The spacing between the two overlap- 
ping peaks is nearly independent of Px~ and 
therefore yields nearly equivalent deduced 
value of O-xe_x~. The existence of the two 
peaks may be attributed to xenon adsorbed 
in the two slightly different pore systems (4) 
of zeolite beta. The peak at greater chemical 
shift arises from the smaller 6.5 x 5.6 A 
pore system, whereas the peak at smaller 
chemical shift arises from the other 7.5 x 
5.7/~ pore system. 
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FIo. 4. Comparison of ~29Xe NMR spectra of zeolite 
beta sample C (To = 560°C) at various xenon equilib- 
rium pressures (Pxe, in Torr). 
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At a sufficiently small density of xenon, a 
curvature in the density dependence of the 
chemical shift is evident (Fig. 3). The curva- 
ture becomes more severe as T c increases 
except for sample A for which the anoma- 
lous behavior is mainly due to residual tem- 
plate. The curvature at small xenon density 
may be due to the presence of defects cre- 
ated by the dealumination processes (19, 36) 
during which extra-framework A1 may be 
formed (20, 25-29) or due to the presence 
of a broad distribution in strength of the 
sorption sites (37). A similar behavior is ob- 
served for the observed 129Xe NMR line- 
widths shown in Fig. 5. 

Upon increase of T c < 760°C, despite 
the anomalous behavior at small xenon 
loadings, both values of 8s and O'x~_x, remain 
practically constant upon extrapolation 
from a large density of xenon. In contrast, 
in the same regime, both the slight reduc- 
tion in adsorption capacity (Fig. 2) and the 
slight increment of chemical shift at a given 
xenon loading (Fig. 3) indicate a decrease 
of pore volume, thus a minor destruction 
of framework as indicated by ZTA1 MAS 
NMR. A similar behavior has been found 
for the HY zeolite (38) for which the 
authors ascribed the decrease in void vol- 
ume caused by dealumination processes to 
be due mainly to the presence of extra- 

lattice AIOx groups. Another plausible ex- 
planation of these results is that, as xenon 
is too large to enter satellite cages, the 
destruction of framework resulting from 
dealumination occurs mostly in the vicinity 
of smaller satellite cages, hence only 
slightly affecting the void volume confined 
by the 12-membered rings in which xenon 
atoms reside. In other words, the decrease 
of pore volume arises from a minor de- 
struction of framework which involve 
breaking of 4-, 5-, or 6-membered rings. 
Crystallographic faulting may exist in zeo- 
lite beta when treated at elevated tempera- 
tures. However, it has been concluded that 
faulting insignificantly affects the accessi- 
ble pore volume, but changes only the 
tortuosity of the pore connectivity along 
the c direction (3). 

For Tc > 760°C, we observed not only an 
increase of both 8s and O-x¢.x, but also an 
abrupt decrease of adsorption and a sharp 
increase of chemical shift at a given Pxe, 
thus a drastic decrease of the pore volume 
confined by the 12-membered rings. The 
only explanation is a severe dealumination 
process, which must involve a breaking of 
the 12-membered rings, as also indicated by 
the decrease in both the diffraction peak and 
tetrahedral aluminum peak of the 27A1 MAS 
NMR resonance. 
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CONCLUSIONS 

In summary, the thermal stability of zeo- 
lite beta has been studied by the combined 
methods of  129Xe NMR and adsorption iso- 
therms of adsorbed xenon. Results obtained 
from the combined methods correlate well 
with data from X-ray diffraction and 27A1 
MAS NMR experiments. 

For Tc < 760°C, minor destruction of the 
crystalline framework resulting from dea- 
lumination processes leads to a slight de- 
crease in pore volume. This behavior is pro- 
posed to be caused either by faulting or by 
dealumination processes that involve break- 
ing of  4-, 5-, or 6-membered tings. For Tc > 
760°C, a severe process of dealumination 
involving breaking 12-membered rings that 
led to a drastic decrease of pore volume has 
been proposed. The maximum regeneration 
temperature of  zeolite beta therefore lies 
near 760°C. 

We have demonstrated that 129Xe NMR 
spectroscopy in correlation with other tech- 
niques provides valuable structural informa- 
tion about zeolites, especially about zeolites 
with structural disorder for which this infor- 
mation may not be obtained by any single 
conventional technique such as X-ray dif- 
fraction. 
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