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Abstract 

A series of AlPO,-1 1 molecular sieves with Si content ranging from zero to 0.24 Si molar fraction were crystallized from 
reaction gels prepared using different sources of Al and Si. It was found that the lower the crystallinity of the starting alumina 
the higher its reactivity and the higher the crystallinity and purity of the resulting molecular sieves. Factors affecting the initial 
pH of the departing gel strongly influence both the crystallinity and purity of the resulting solid. Thus, starting from the same 
source of alumina, it can be observed that the higher the pH within the acid region the higher the crystallinity and pmity of the 
product. There seems to be an upper limit for the amount of Si incorporated in the AlPO,-1 1 framework, above which isolated 
silica patches (silica domain) are formed and subsequently dislodged from the structure when calcination is carried out at 773 
K, yielding a-quartz. At this limiting value the population of both Lewis and Bransted acid sites passes through a maximum. 
Unreacted pseudoboehmite coexisting with SAPO-11, was transformed upon calcination at 773 K into y-alumina. These species 
seem to act as Lewis centres which would interact with Brensted sites to increase surface acidity. 

Kewords: Acidity: Aluminophosphate; Crystallinity; NMR spectroscopy: SAPO- I 1; Synthesis 

1. Introduction 

Silicoaluminophosphate molecular sieves first 
reported by Lok et al. [ 1 ] have been shown to 
exhibit interesting catalytic properties for acid cat- 
alyzed hydrocarbon transformations. These 
microporous solids are prepared from reactive sil- 
icoaluminophosphate gels containing an organic 
amine as a template. SAPO-11 is a medium pore 
molecular sieve which has recently been used as 
acid catalyst for commercially attractive chemical 
reactions such as olefins skeletal isomerization 
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and oligomerization [ 21. This structure is usually 
prepared by hydrothermal treatment at 473 K of a 
starting gel containing pseudoboehmite as a 
source of aluminium, H3P04 as a source of phos- 
phorus, a source of silica and di-n-propylamine 
(DPA) as organic template. 

The acidity and the catalytic properties will 
strongly depend on the Si content, sitting and 
ordering in the SAP0 lattice. When silicon atoms 
are introduced in the framework of a hypothetical 
AlPO, structure at the phosphorus sites, potential 
Brgnsted acidity is generated (mechanism SM2). 
Alternatively, the silicon substitution can result in 
the simultaneous replacement of a pair of Al + P 
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atoms by two Si atoms (mechanism SM3). How- 
ever, in the latter case the avoidance of Si-O-P 
bonds implies the combination of the mechanism 
SM2 together with the SM3. Several topological 
models have recently been advanced for the Si, Al 
and P distribution in the SAP0 framework [ 3,4]. 
According to these proposals, the framework 
composition of such materials is not homogeneous 
and different compositional domains are thought 
to exist. In any case it seems to be clear that the 
resulting atomic distribution and, consequently, 
the acidity properties (the way silicon atoms are 
introduced) will depend on the synthesis proce- 
dure. 

This work is aimed to examine the effect of the 
starting materials and the chemical composition 
of the departing gel over the properties of the 
resulting SAPO- 11 molecular sieves. 

2. Experimental 

2.1. Synthesis 

The following starting materials were used for 
the synthesis: pseudoboehmite (Catapal B from 
Vista Chemical Co.), pseudoboehmite (Disperal 
from Condea Chemie) , gibbsite (from Interalu- 

To prepare the synthesis gels the source of alu- 
mina was firstly added to a diluted phosphoric acid 
solution, then the amine and finally the source of 
silica were subsequently added, at room temper- 
ature under vigorous stirring until a homogeneous 
gel was obtained. The composition and some other 
characteristics of the resulting gels are given in 
Table 1. With the exception of the sample S-7 for 
which the stirring time was 3 h, all the remaining 
gels were agitated for 6 h before crystallization. 
Gels were then transferred into 60 ml Teflon lined 
stainless-steel autoclaves and heated at 473 K for 
24 h ( 12 h for the sample S-10). The solid prod- 
ucts recovered by centrifugation were copiously 
washed with distilled water and dried at 353 K 
overnight. To remove the amine the solids were 
statically calcined at 773 K for 15 h. The heating 
rate was about 5 K per minute and stops at 373 
and 473 K for 1 h each were done before reaching 
the final calcination temperature. 

Table 1 
Results of the synthesis experiences. See experimental section for conditions 

mina) ; 40 wt% Si02 colloidal silica (Ludox AS 
40 from DuPont), 99 wt% Si02 precipitated silica 
commercially designated as Agrosil 300 (from a 
local company called Venesil) ; 85% phosphoric 
acid (Aldrich) ; di-n-propylamine (DPA from 
Aldrich) ; di-i-propylamine (DIPA from Aldrich) 
and distilled water. 

Sample Gel molar composition Starting materials pH (b.c.) pH (ac.) Result 

A-O 
S-l 
s-2 
s-3 
s-4 
S-5 
S-6 
S-l 

S-8 

s-9 
s-10 

s-11 
s-12 

A1a0s:P205:DPA:50H,0 
A1,0,:Pz05:0.3Si0,:0.5DPA:50Hz0 
A1,0,:Pz05:0.3Si0,:DPA:50HZ0 
Al 0 :P 0 Z 3 Z 5 :0,6SiO,:DPA:SOH,O 
Al 0 .P 0 :1.2SiO,:DPA:SOH,O 2 3. * 5 
A120,:0.9P20,:0.3SiO~:DPA:50H~0 
Al 0 .P 0 :0.3Si0,:DIPA:50H20 Z 3.2 5 
Al 0 :P 0 2 3 2 5 :0.3Si0,:DPA:50H20 

Al 0 :P 0 :0.3SiO,:DPA:SOH,O 2 3 2 5 

Al 0 :P 0 .0.3Si0a:DPA:50HZ0 2 3 2 5. 
Al 0 :P 0 ~0.3Si02:DPA:50H20 a Z 3 2 5. 

A1203:PaO~:0.3Si0,:DPA:50H,0 
Al 0 :P 0 2 3 Z 5 :0.3Si02:4DPA:50H,0 

Catapal B; Ludox AS40 4.1 10.4 AlPO,- 11 
2.5 9.8 SAPO-ll+T 
3.9 10.9 SAPO-11 
3.6 10.9 SAPO-11 
3.9 1.1 SAPO-11 
5.8 9.6 SAPO-11 
3.3 1.4 SAPO-11 
6.1 10.6 SAPO-11 

Catapal B; Agrosil300 

Disperal; Ludox AS40 

3.0 

3.0 
3.0 

8.4 

8.2 
11.0 

SAPO- 1 1 + T,C,B 

SAPO-ll+T 
T+SAPO-11 

Gibbsite; Ludox AS40 2.5 6.3 T+G 
Gibbsite; Agrosil300 5.2 7.0 T+C 

(b.c.), (a.c.): before and after crystallization; T, C, B and G: Trydimite, Cristobalite, Berlinite and Gibbsite. 
a 12 h crystallization. 
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2.2. Characterization 

Al and P contents of the calcined solids were 
determined with the aid of an atomic emission 
spectrometer having a source of plasma induc- 
tively coupled. Si content was analyzed by atomic 
emission spectrometry. Samples were previously 
fused with lithium metaborate and dissolved in 
diluted nitric acid before the analyses. N,-specific 
surface areas were obtained on a Micromeritics 
2200 sorptometer at liquid nitrogen temperature. 
All the samples were pretreated at 623 K under 
vacuum overnight. X-ray diffractograms of the 
solid products before (as-prepared) and after cal- 
cination were recorded with a Philips diffracto- 
meter PW 1730 using Co-Ka radiation 
(A = I .790255 A) operated at 30 kV, 20 mA and 
scanning speed of 2” 281min. Diffraction lines 
between 8 and 25” 28 were taking to determine 
the degree of crystallinity in the usual way. The 
sample S-2 with the higher intensity summation 
of the chosen lines was taking as to be 100% 
crystalline. Scanning electron micrographs were 
taken on a Hitachi S-500 microscope operated at 
20 keV and 50 mA. The samples were Au-coated 
for I5 min on an Eiko Engineering instrument. 

FTIR experiments were performed on a Perkin 
Elmer 1760-X spectrometer. Self supporting 
wafers of about 20 mg of sample previously cal- 
cined were placed into a Pyrex vacuum cell spe- 
cially designed for gas and thermal ‘in situ’ 
treatments. First, the specimens were outgassed at 
673 K under vacuum overnight. Afterwards, the 
temperature was dropped to 363 K and pyridine 
was admitted to the cell. Then, the excess pyridine 
was evacuated. All the spectra in the pyridine 
region were recorded after outgassing at 453 and 
553 K. To study the mid-IR region, where struc- 
tural T-O vibration occurs (below 1200 cm- ‘), 
KBr-sample pellets were used and the spectra 
taken at room conditions. 

27A1, “P and 29Si MAS NMR spectra were 
recorded in a Bruker AM 300 spectrometer under 
the following operation conditions for 27A1 31P 
and 29Si nucleus respectively: resonance ’ fre- 
quency of 78.20, 121.49 and 59.63 MHz; repeti- 

tion time of 1,20 and 5 s; MAS frequency of 3900 
in all cases; scan number of [ 800-25001, [ 40- 
2001 and [ 8000-330001. External references 
were Al( H20) t3, 85 wt% H,PO, and TMS. All 
the spectra were obtained by single-pulse excita- 
tion. For phosphorus high-power decoupling was 
applied. 

3. Results and discussion 

3.1. Synthesis 

Synthesis experiences leading to different solid 
phases are given in Table 1. It can be observed 
that those reacting gels containing pseudoboeh- 
mite (Catapal B) as a source of alumina yielded 
the desired AlPO,-1 1 structure. Replacing pseu- 
doboehmite (Catapal B) by gibbsite resulted in a 
mixture of well-crystallized AlPO,-tridymite (T) 
and unreacted gibbsite (G) ( sample S- 11) . A dif- 
ferent source of pseudoboehmite, commercially 
designated as Disperal, was also used as starting 
material. In this case the final product, regardless 
of the crystallization time, consisted of a mixture 
of SAPO-11 and AlPO,-tridymite (T). The X- 
ray diffractograms of the resulting solids are given 
in Fig. 1. 

The previous results can be explained in terms 
of the relative reactivity of the alumina employed, 
that is in turn associated to its relative crystallinity. 
X-ray diffractograms of the three different types 
of alumina used are shown in Fig. 2. From this 
figure gibbsite looks like the most ordered struc- 
ture of them. A comparison of the X-ray diffrac- 
tograms of the two pseudoboehmite materials 
indicates that Catapal B is the less crystalline one. 
The pH values of the reacting gels before crystal- 
lization shown in Table 2, reflect the amount of 
unreacted H,PO, and consequently can also be 
taken as an index of the relative reactivity of the 
alumina source. Thus, by comparing the ‘samples 
S-2, S-9 and S-l 1 prepared under the same con- 
ditions, it can be observed that the pH values 
decrease as the crystallinity of the alumina 
increases. 
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Fig. 1. X-ray diffraction patterns of the solid products obtained from 
three different sources of alumina. (T) AlPO,-tidymite and (G) 
gibbsite. 

The reactivity of the alumina will indeed affect 
the rate of nucleation and crystallization and there- 
fore the resulting solid phase. It has already been 
established that dense phases are the initial prod- 
ucts of the gel transformation [ 51. Therefore, this 
is not surprising that the less reactive alumina, 
gibbsite, yielded tridymite as the major product 
(sample S-l 1). The less reactive pseudoboeh- 
mite, Disperal, gave a mixture of tridymite and 
SAPO-11 (sample S-9) and the more reactive 
pseudoboehmite, Catapal B, leaded to SAPO-11 
as the only solid phase ( sample S-2). These obser- 

vations also suggest that AlPO,-tridymite is the 
initial dense phase formed from this particular 
phase system. 

In order to verify the latter hypothesis two 
forms of synthesis, leading to samples S-9 and S- 
10 of Table 1, were carried out. Thus, sample S- 
10 was prepared from the same reacting gel as the 
one used for the preparation of the sample S-9 but 
halving the time of crystallization ( 12 h) . As can 
be observed from the X-ray diffractogram of this 
sample, shown in Fig. l-c, the major phase of the 
resulting solid was tridymite slightly contami- 
nated with SAPO-11. At 24 h of crystallization 
(sample S-9) the proportion of these two phases 
was reversed. It is noteworthy that the final pH 
value (after crystallization) of the S- 10 prepara- 
tion, leading to a dense phase as a major product, 
was 3 units higher than that observed for S-9. This 
clearly indicates the presence of a higher amount 
of free amine for the former, in agreement with its 
lower proportion of SAPO-11 molecular sieve. 

Solid products having the desired A1P04-1 1 
structure with a Si/ (Al + P) ratio ranging from 
zero to 0.3 were successfully prepared from Cata- 
pal B as can be observed from Table 1 (samples 
A-O, S-2, S-3 and S-4). A sample of highly pure 
and crystalline SAPO-11 was also obtained from 

(c) CPtPpPl 

(b) Disperrl 

(a) Gibbsite II r 
J\, 

60 44 28 20 12 4 

2 9 /drqrw 

Fig. 2. X-ray diffractograms of the three sources of alumina 
employed in the synthesis. 
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a reacting gel having a P/Al ratio lower than unity 
(S-5). By contrast, in a previous work [ 61 both 
dense and amorphous phases were the only prod- 
ucts obtained from the same source of alumina 
(Catapal B) . In the latter case longer crystalliza- 
tion times and stirring were used during the crys- 
tallization period. On certain preparations the 
occurrence of small amounts of dense phases 
could not be avoided. In fact, a second preparation 
made under identical conditions as those used to 
synthesize the sample S-2 yielded, as can be 
observed from Fig. l-a, SAPO-11 slightly con- 
taminated with tridymite. The same phenomenon 
was observed for the sample S-7 for which the 
initial stirring time during the preparation of the 
reacting gel was halved (3 h) . These unpredicta- 
ble results indicate that the formation of dense 
phases depends to a certain extent on factors dif- 
ficult to control during the synthesis procedure. 
Small temperature changes during the crystalli- 
zation process ( f 5 K), resulting from tempera- 
ture controller limitation, might have accounted 
for the observed differences. 

The sample S-l for which the amount of DPA 
was halved was found to be slightly contaminated 
with AlPO,-tridymite. In this case the low pH 
value of the resulting departing gel played a 
retarding role in the crystallization kinetic. When 
DIPA was used as a template in place of DPA, a 
solid mixture having SAPO- 11 as the major crys- 
talline phase was obtained (sample S-6). Minor 
unidentified components were also detected by 
XRD for this preparation. Similarly the sample S- 
8 prepared by using Agrosil300 instead of Ludox 

Table 2 
Some characteristics of the synthetic samples 

(b) 

S-6 

1 
36 28 20 12 5 

Fig. 3. X-ray identification of different solid phases resulting from 
changes in the synthesis procedures. (T) AlPO&ridymite; (B) 
AlPO,-berlinite and (C) AIPO,-cristobalite. 

AS40 as a source of silica showed a mixture of 
crystalline phases consisting of SAPO- 11, 
AlPO,-tridymite (T) , AlPO,-cristobalite (C) 
and berlinite (B) . Again, the occurrence of dense 
phases is closely related to the pH of the departing 
gel. The corresponding X-ray diffractograms of 
these products are presented in Fig. 3. 

From the previous results it appears that both 
the sources of alumina and silica play an important 

Sample SSA (m*/g) % Crystallinity a Molar composition formula TO* Unit cell parameters ( A ) 

bc. a.c. a b c 

A-O 167 70 98 &,Po.s02 18.67 13.33 8.39 
s-2 90 100 100 Al, GPO .G&xOz 18.76 13.42 8.43 
s-3 163 73 42 &&‘o &kd& 18.73 13.40 8.44 
s-4 125 61 42 Ab.J’o xSixzJ& 18.45 13.33 8.38 
s-7 126 66 72 Ala.wPe.wKw,~O~ 18.70 13.42 8.41 

’ b.c. = before calcinatiom ax. = after calcination. 
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C- A -1 

I- T s-12 

36 28 20 12 4 

2 6 / d.grrrs 
Fig. 4. X-ray diffractograms of the sample S- 12 showing the different 
dense phases obtained. See text for details. (T) AlPO,-tridymite 
and (C) AlPO,-&stobalite. 

role on the structure of the resulting solid. How- 
ever, whereas the influence of the alumina is 
related to its degree of reactivity, in the case of 
silica the major factor seems to be associated with 
its basic character. Thus, Ludox AS40 being a 
colloidal silica solution stabilized with ammo- 
nium hydroxide to give a pH of about 10, gives 
rise to a departing gel with a higher pH value than 
that obtained from Agrosil 300. The interval of 
pH values previously reported for the synthesis of 
pure AlPO,-based molecular sieves lies above 3.5 
units [7]. 

In a separate experiment the two worst starting 
materials, this is to say: Agrosil300 and gibbsite, 
were used as sources of Si and Al, respectively. 
The initial pH was adjusted to a value of 5.2, by 
increasing the proportion of DPA, to increase the 
rate of crystallization. The resulting solid (S-12) 
consisted of a mixture of dense phases AlPOd- 
cristobalite and AlPO,-tridymite, as shown in Fig. 
4. Interestingly, by contrast with the preparation 
S-l 1, this time unreacted gibbsite was not 
observed. This result clearly indicates that the rate 
of crystallization was indeed increased by increas- 
ing the pH of the medium but not enough to obtain 
the desired SAPO- 11 phase. 

3.2. Characterization 

Some characteristics of the products having the 
AlP04- 11 structure are given in Table 2. The cell 
parameters of these materials, calculated before 

calcination, are in good agreement with those pre- 
viously reported in the literature for a body-cen- 
tred orthorhombic unit cell of AlPOd- l-like 
structures [ 81. 

After calcination at 773 K and partial rehydra- 
tion at room conditions a significant change in the 
XRD patterns occurs, as illustrated in Fig. 5. This 
phenomenon, previously described in the litera- 
ture [ 91, has been associated with a change in the 
crystal symmetry from a body-centred to a prim- 
itive unit cell as a result of water adsorption after 
calcination. 

An attempt to index the XRD lines of the solids 
after the calcination-rehydration process was 
done. For this, the computing program PDP (Pow- 

1 Ia) A-o 

I 

I (d) S-2 

(b) S-4 

36 34 30 26 22 18 14 IO 6 

2 6 / drgrrw 

Fig. 5. X-ray diffractograms of the solid products quoted in Table 2 
after calcination. (Q) a-quartz. 
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der Diffraction Package) [ lo] was applied to at 
least 13 of the most intense diffraction lines. To 
be able to index an orthorhombic system the above 
mentioned program requires the cell parameters 
values to be given. By taking the cell parameters 
reported by Tapp et al. [ 91 for a primitive ortho- 
rhombic unit cell of an AlPOd- 11, only those sol- 
ids having a Si content between zero and 0.07 
molar fraction were successfully indexed. Those 
solids with higher Si loading, failing to be 
indexed, additionally showed a well-defined XRD 
line at d= 3.37 A (see Figs. 5-c and 5-b) corre- 
sponding to the 101 line of a-quartz. The intensity 
of this line increases as the Si content increases. 
Interestingly, this line is not present in the diffrac- 
tograms of the uncalcined (as-prepared) solids. 

The occurrence of a-quartz can be explained 
by assuming a situation by which structural 
patches of pure silica are formed within the frame- 
work of SAPO-11 as the Si content increases. In 
such a case, and as a result of the calcination treat- 
ment, these well-ordered silica patches are dis- 
lodged from the SAP0 structure forming a denser 
a-quartz phase and causing a partial crystalline 
collapse of the remaining molecular sieve phase. 
A schematic representation of this proposal is 
given in Fig. 6. This diagram is based on that 
depicted by Martens et al. [ 31. In the present case, 
however, a particularization has been made to fit 
our results. Thus, a domain of pure silica and 
another one of AlPOh joined together by a transi- 
tion region consisting of a SAP0 phase, are envis- 
aged. To arrive at such a situation, the Si atoms 
should be incorporated within the hypothetical 
starting AlPOh structure, by a combination of SM2 
and SM3 mechanisms in a similar way to the 3 + 2 
model proposed by Dwyer et al. [43. In this case 
the Si (4Al) environment, observed only when the 
SM2 mechanism occurs, is not to be expected. 
The 29Si MAS NMR spectra of the uncalcined S- 
7 sample showed, as illustrated in Fig. 7-a, two 
well-differentiated Si environments. The first one 
related to the signal at about - 112 ppm is asso- 
ciated to the Si( 4Si) environment. The second 
one, less defined and having a maximum at around 
- 97 ppm, is assigned to Si(nSi, 4 -n Al) envi- 

rgJ SM2 

I 

I@ SM3 

Cslcination 

5oo”c 

a-quartz 4 SAPO-cj -Alp0 - 
(less cryltmj 

Fig. 6. Schematic representation of the generation of cu-quartz from 
pure silica domain of SAPO-I 1. Si incorporation has been assumed 
to follow the 3 + 2 model of Ref. [ 4 J 

ronments for 0 <n <4, where some Si atoms 
might be linked to terminal OH groups as has 
already been shown [ 111. In the Fig. 7-b, the *%i 
MAS NMR spectrum of the calcined S-7 material, 
is presented. For this sample, the Si( nSi, 4 - n Al) 
environments are apparently absent and an 
increase in the Si(4Si) signal is also observed. 
These changes might be ascribed to a sort of 
recrystallization of the defective Si-OH groups 
resulting in the generation of new dehydroxylated 
Si(4Si) environments. However, the high noise 
to signal ratio of this spectrum does not allow for 
a conclusive interpretation. The 29Si MAS NMR 
spectra of both the as-prepared (Fig. 7-c) and the 
calcined (Fig. 7-d) specimens of the sample with 
the highest Si loading (S-4) showed a unique 
signal at - 112 ppm. The sharpness of this line 
suggests the presence of Si(4Si) environments 
within ordered structures. 

The relative proportion of the three different 
composition regions of Fig. 6 should depend on 
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0)) 

- 
-70 -ml -90 -100 -110 -120 -130 -140 

PPM 
Fig. 7. *%i MAS NMR spectra of the solids (a) S-7 as-prepared; 
(b) calcined S-7; (c) S-4 as-prepared (d) calcined S-4. 

the Si loading. Thus, at high Si levels the silica 
domain would be favoured and the feasibility of 
forming a-quartz would increase, as was actually 
observed ( see Fig. 5). It should also be noted from 
Table 2 that after calcination the samples S-3 and 
S-4, having the highest Si content, yielded crys- 
tallinity values 40% lower than that taken as ref- 

erence. All this seems to indicate that there is an 
upper limit for the amount of Si to be incorporated 
in the framework, above which drastic structural 
changes occur. To establish the exact position of 
this limit more data between the 0.07 and 0.14 Si 
molar fractions are needed. 

The sample S-7 showed a crystallinity of about 
35% lower than that corresponding to the sample 
S-2. For the former, as described in the Experi- 
mental section, the stirring time during the prep- 
aration of the reacting gel was halved. This fact 
might have affected the initial nucleation process 
giving rise to less ordered and smaller crystals. It 
is well known that the higher the rate of formation 
of the gel precursors during the preparation of 
solids such as alumina the higher the degree of 
crystal defects. 

The SSA values of Table 2 lie within the range 
previously reported for this kind of solids [ 31. 
Surprisingly, the sample S-2 with the higher 
degree of crystallinity showed the lowest adsorp- 
tion capacity. Morphological analysis of this 
material, showed well-defined crystals with aver- 
age sizes ranging between 2 and 5 microns, as can 
be observed from Fig. 8-a. By contrast, the sam- 
ples S-3 and S-4, having higher SSA values, con- 
sist of esferulite-like aggregates of submicron 
crystals such as those shown in Fig. 8-b. These 
differences in crystal size and morphology cannot, 
however, fully explain the observed differences in 
their sorption capacities. 

(a) S-2 (b) S-3 
Fig. 8. SEM photographs of samples (a) S-2 and (b) S-3. 
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The analysis of the average TO* formula, par- 
ticularly for the solids with the highest silicon 
content (S-3 and S-4) would seem to indicate the 
occurrence of solely the SM3 mechanism. Since 
this way of Si incorporation is improbable, as has 
already been discussed, the compositional heter- 
ogeneity of this type of materials must be 
accepted. Thus, the model comprising an AlPO, 
region where Al/P = 1 and a silica domain linked 
together by a narrow SAP0 zone, seems to match 
the results of the TO? analysis. The relatively high 
value of the Al/P ratio ( 1.41) observed for the 
sample S-7 suggests that there exists an excess of 
extra framework Al. In fact, the 27A1 MAS NMR 
spectrum of the as-synthesized solid shown in Fig. 
9-a presented a signal at about 0 ppm, usually 
related to octahedral extra framework Al, in addi- 
tion to the main one at around 40 ppm correspond- 
ing to tetrahedral framework Al in AlPO, 
environment. When an excess of pseudoboehmite 
was intentionally added to the sample S-7, the 
octahedral signal was increased, as can be 
observed from Fig. 9-b. Surprisingly, this signal 
completely disappeared in both cases after calci- 
nation at 773 K, as shown in Fig. 9-c. One should 
expect that after such thermal treatment pseudo- 
boehmite were transformed into y-alumina as pre- 
dicted by the well-known alumina 
phase-transformation diagram. This transforma- 
tion was indeed observed when a sample of pure 
Catapal-B was calcined under the same 
conditions. In the latter case, as illustrated in Fig. 
9-d, two signals were observed, one at around 7 
ppm corresponding to octahedral Al and another 
at around 60 ppm corresponding to tetrahedral Al. 
Such chemical shifts have been previously asso- 
ciated to y-alumina [ 121. Our first thinking was 
to associate the absence of the octahedral com- 
ponent, to a sort of transformation of the unreacted 
Catapal-B into low-symmetry polyaluminohy- 
droxyl species, such as those thought to be formed 
in steamed ZSM-5, which were earlier associated 
with a shoulder at around the tetrahedral Al signal 
[ 131. However, a physical mixture of separately 
calcined Catapal-B (20 wt%) and sample S-7 nei- 
ther showed the octahedral signal, as can be 
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Fig. 9. 27A1 MAS Nh4R spectra of the solids (a) S-7 as-prepared; 
(b) S-7 + Catapal added; (c) calcined S-7 (d) calcined Catapal; (e) 
calcined S-7 + calcined Catapal (20 wt%) 

observed from Fig. 9-e. The latter result led us to 
conclude that the octahedral component of the 3” 
alumina becomes undetectable by NMR in the 
presence of SAPO- 11, even at concentrations as 
high as 20% by weight. When the proportion of 
calcined pseudoboehmite was increased to 40% 
by weight the octahedral signal begins to appear 
(spectrum not shown). 
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Fig. 10. “P MAS NMR spectra of the solids (a) S-7 as-prepared; 
(b) S-7 calcined and exposed to ambient (self hydrated) and (c) S- 
7 moisture-free stored (slightly hydrated). 

The 31P MAS NMR spectra of the sample S-7 
as synthesized (a), calcined and exposed to ambi- 
ent (b) and calcined and kept in a desiccator (c) , 
are shown in Fig. 10. The observed behaviour 
agrees very well with previous findings [9,14]. 
That is to say, after calcination and self hydration 
(Fig. 10.b) two distinct peaks are clearly observed 
indicating the occurrence of at least two different 
non equivalent crystallographic sites for the tet- 
rahedral P atoms. The chemical shift of these sites 
seems to be associated to their interaction with 

water molecules. What is important to note in the 
present case is the strong affinity with water shown 
by this structure. Thus, one of the calcined mate- 
rials was stored moisture-free inside a desiccator. 
Then, it was moved into a glove-box and kept 
under dry anaerobic conditions. Finally, it was 
packed into a rotor cap, specially designed for 
such a purpose [ 151, However, in spite of these 
precautions, even the short time spent moving the 
sample from the desiccator to the dry box was 
enough as to cause partial rehydration leading to 
the crystallographic differentiation (see Fig. 
1O.c). 

FTIR spectra after pyridine adsorption at 363 
K and desorption at both 453 and 553 K, of the 
solids prepared from reacting gels having different 
proportions of Si, are presented in Fig. 11. All the 
samples showed both Lewis and Br@nsted sites 
interacting with pyridine after outgassing at 453 
K. The samples S-2 and S-7, having the lowest Si 
content, showed the highest proportion of both 
kinds of sites. After outgassing at 553 K, both the 
Lewis and Br@nsted bands almost completely dis- 
appear for samples S-3 and S-4 but still signifi- 
cantly remain for the samples with the lowest Si 
loading. 

By observing the atomic distribution of Fig. 6 
clearly Bronsted acidity must be associated with 
the SAPO-phase transition region. By adopting 
the stoichiometry of the 3 + 2 model of Ref. [ 41 
for this boundary domain, it can be deduced that 
the substitution of four P atoms and one Al atom 
by five Si atoms is required to obtain the smallest 
silicon domain via the SM2 + SM3 mechanism. 
The resulting local composition can then be 
expressed by the following formula in which pro- 
tons have been included as charge-compensating 
cations: 

The equivalent expression for the local com- 
position resulting from the SM2 mechanism 
would be: 

(11) 



M. Aljonzo et al. /Journal of Molecular Catalysis A: Chemical 98 (I 995) 3548 45 

453 OK 

I 

1700 1600 lSO0 1400 1300 1700 1600 1500 1400 &Ml 

553 “K 

s-7 

Wavcmamber, cd 

Fig. Il. FTIR spectra of the pyridine-SAPO- 11 interaction after outgassing at (a) 453 K and (b) 553 K. 

From the previous formulas the partial charge 
on the hydrogen atoms (ZH) , an accepted index 
of the acid strength, can be calculated by applying 
the Sander-son electronegativity equalization prin- 
ciple and the resulting mathematical expressions 
as proposed by Mortier [ 161. The results of such 
calculations are given in Table 3 for three different 
Si molar fractions and the two local compositions 

Table 3 
Partial charge on hydrogen atoms (ZH) derived from the Sanderson 
intermediate electronegativity (Sint) for several local SAP0 com- 
positions calculated from SM2 and combined SM2 + SM3 mecha- 
nisms (some protonic zeolites are included for comparison) 

X SM2 SM2 + SM3 
- 

[H] Sint ZH [H] Sint ZH 

0.01 0.01 4.21 0.168 0.006 4.21 0.169 
0.10 0.10 4.16 0.157 0.060 4.18 0.163 
0.24 0.24 4.07 0.134 0.144 4.14 0.152 
HY (Si/Al=2.5) - 4.10 0.140 - - - 
H-MOR (Si/Al=5) - 4.16 0.155 - - - 
H-ZSM-5 (Si/AI=31) - 4.19 0.163 - - - 

(formulas I and II) derived from the combined 
SM2 -t SM3 and SM2 mechanisms respectively. 
Additionally, the data for three different zeolites 
of known acid strength, namely HY, H-Mordenite 
and H-ZSM-5, are also given for comparison. 

From this table it can be observed that at low 
Si loading, the partial charge resulting from both 
mechanisms is almost identical and slightly higher 
than the one corresponding to the proton form of 
a ZSM-5 zeolite having a Si/Al ratio of 3 1, widely 
recognized as possessing strong acid sites. In a 
recent paper [ 171 it was already suggested that 
Si(nA1) environments with y2 < 4, at the borders 
of the Si islands in SAPO-37, might create strong 
acid sites. As the Si content is increased ZH 
decreases and the differences between both mech- 
anisms become evident. The acid strength of the 
structures resulting from the combined mecha- 
nism is higher than the one obtained by the SM2 
mechanism. In both cases the proton concentra- 
tion increases with the Si content but whereas the 
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Fig. 12. Acid site populations after outgassing at 553 K as a function 
of the Si fraction 

ratio [H] / [ Si] is the unity for the SAP0 resulting 
from the SM2 mechanism, this value drops to 0.6 
for the combined one. 

On the basis of the previous observations it is 
now possible to explain the observed higher acid 
strength of the samples with the lowest Si content. 
Moreover, by plotting the proton concentration as 
a function of the Si fraction it is expected to 
observe a decrease in the regression coefficient of 
the linear regression when switching from an SM2 
mechanism ( [H] / [ Si] = 1) to an SM2 + SM3 
mechanism ( [H] / [ Si] = 0.6). This behaviour 
was observed by Dwyer et al. [4] for SAPO-37 
when the Si molar fraction reached 0.1. The lack 
of sufficient data, the generation of a-quartz with 
the corresponding loss of crystallinity and the con- 
tamination with alumina of some of the samples 
studied in the present work, prevented us from 
obtaining a better picture of the actual situation. 
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Fig. 13. Correlation between Brgnsted and Lewis site population 
after outgassing at 553 K. 

The previous analysis, based on the simple elec- 
tronegativity model, can also rationalize the 
observed high performance of SAPO- 11 in several 
acid-catalyzed reactions in spite of its low acid 
site density. Thus, as predicted by Martens et al. 
[ 31, the acid sites at the boundary transition region 
seem to be strong enough to exhibit high turnover 
numbers. 

The highest acid character of the sample S-7 
can also be due to the presence of extra framework 
y-alumina. As kn own, this variety of alumina con- 
tains Lewis acid centres that can interact with 
structural Bronsted groups to generate sites of 
enhanced acidity. Aluminium species external to 
the lattice have been largely linked to Lewis and 
superacid sites in zeolites [ 18,191. Indeed, for this 
sample the IR bands associated with both Lewis 
and Bronsted acid sites remained unaffected, 
showing better definition and higher intensities 
than those shown by the rest of the samples stud- 
ied, even after outgassing at 553 K (see Fig. 11). 

By plotting the concentration of both Bronsted 
and Lewis sites (peak area/sample mass) after 
outgassing at 553 K, as a function of the Si frac- 
tion, the correlation shown in Fig. 12 was found. 
Again, a maximum at 0.07 Si molar fraction, cor- 
responding to the sample S-7, was observed. Fur- 
thermore, when plotting the Bronsted site 
population as a function of the Lewis site popu- 
lation, a linear correlation was obtained as shown 
in Fig. 13. This simultaneous increment of both 
types of acid sites is in line with the idea of a 
synergism between them. In the work by Su and 
Barthomeuf [ 171 it was suggested that the 
increase in acid strength, observed in SAPO-37 
upon heating, might be related to an interaction 
between protons and Lewis acid sites. 

The influence of the method of gelation on the 
resulting surface acidity cannot be neglected. The 
lowest gelation time used in the preparation of 
sample S-7 might have caused structural defects 
generating additional acid sites. Thus, surface 
acidity in AlPOd-structures has been associated 
with structural defects leading to P-OH, Al-OH 
and Si-OH entities [ 201. 
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Mid-infrared spectra of the sample S-2 as-pre- 
pared and calcined as well as the one correspond- 
ing to the sample S-12 of Table 1 
(tridymite + cristobalite) are presented in Fig. 14. 
In all cases the three main vibrations at around 
1100,700 and 500 cm ~ ’ related to the asymmetric 
stretching, symmetric stretching and the bending 
of the structural T-O bonds are observed. A 
unique well-defined band at around 550 cm- ’ is 
also present in the as-synthesized SAPO- 11 (sam- 
ple S-2). This band has been previously associated 
in zeolites to a fundamental T-O bending mode 
[ 2 11. However, the absolute absence of this band 
in both the calcined-rehydrated material and the 
dense phase S-12, leads us to consider an associ- 
ation of this band with a sort of interaction 
between the organic base and the framework T- 
atoms. A similar behaviour has been previously 
observed in our laboratories on several materials 
having the AlPOd- structure [ 221. Furthermore, 
after the calcination-rehydration process a well- 
defined band was developed in the asymmetric 
stretching region and several new bands were 
observed in the symmetric stretching region (see 
Fig. 14-b). 

(b) 

1 

lo 1300 1100 900 700 450 

Wavenumber, ad 
Fig. 14. Mid-IR spectra of the solids (a) S-2 as-prepared; (b) S-2 
after calcination and (c) S-12 as-prepared. 

4. Conclusions 

Dense phases such AlPO,-tridymite are first 
formed during the synthesis of SAPO- 11. There- 
fore, all those factors leading to an increase of the 
crystallization rate will minimize the occurrence 
of such undesirable contaminants. Thus, less crys- 
talline alumina structures are more reactive and 
the resulting molecular sieves more crystalline 
and less contaminated. Similarly, an increase in 
the pH values of the departing gel within the acid 
region lead to better materials. 

When the Si content exceeds the value of 0.07 
Si molar fraction not only a decrease in acidity 
occurs but also significant structural changes are 
observed. Silica patches are proposed to be formed 
within the structure of SAPO- 11 as the Si content 
increases. These entities of pure silica would be 
dislodged from the framework, as a result of the 
calcination treatment, yielding a new phase of a- 
quartz and a less crystalline molecular sieve. 

A model for the ordering of the T atoms in the 
SAPO- 11 framework involving two well-differ- 
entiated AlPO, and silica domains linked through 
a SAPO-phase transition region was advanced. 
This model finds support on the combined 
SM2 + SM3 mechanism of Si incorporation, des- 
ignated 3 + 2 in the recent literature [4]. The 
model can explain not only the structural changes 
observed but also the Bronsted acidity properties 
of this type of material. The occurrence of Si-rich 
domains in SAPO-n molecular sieves has also 
been confirmed in a recent report [ 231. 

Unreacted extra framework pseudoboehmite is 
transformed under calcination into extralattice y- 
alumina. A synergism between the Lewis centres 
of the alumina and the structural Bronsted sites, 
to yield a solid with an enhanced acid strength, 
was evidenced. 
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