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Abstract 

A series of substituted AlPO, molecular sieves with the AEL topology were prepared and characterized by different 
techniques, to evaluate the amount and nature of the additional elements and their effect on the acidity and catalytic 
properties of the resulting solids. It was found that a one-to-one interaction between Lewis (L) and Brensted (B) sites occurs 
after calcination of the substituted materials, leading to an enhanced acidity and causing, as a result, an increase in the 
selectivity towards isobutene during the transformation of I-butene. Substitution models are discussed in order to rationalise 
the origin and nature of such B-L synergism. 
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1. Introduction 

The origin and nature of acid sites in substi- 
tuted AlPO, molecular sieves has not yet been 
completely understood in spite of the large 
amount of work done. Topological models for 
the incorporation of silicon in the aluminophos- 
phate framework and its consequence on the 
acidity properties of the resulting SAP0 have 
been advanced [l-3]. In this case acid sites 
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have been associated to the environment of Si 
atoms in the AlPO, framework, their strength 
and density being a function of the relative 
distribution of Si(nA1) species with ‘n’ ranging 
from zero to 4. For metal-substituted AlPO, the 
acidity has been ascribed to the incorporation of 
divalent metals in place of Al sites [4]. However 
higher metal oxidation states have been ob- 
served in metal-containing AlPO, such as 
CrAPO, having relatively strong acid sites. A 
model, based on a structural defect generated by 
the formation of dioxochromium (VI) species in 
the framework of CrAPO-5 after the calcination 
[5], has been advanced to explain this be- 
haviour. An analogous proposal, based on the 
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occurrence of defective oxochromium (V) in 
chromosilicate with the ZSM-5 structure, has 
also been reported [6]. 

Isobutene is the starting material for the in- 
dustrial production of methyl tertiary-butyl ether 
(MTBE) that is at present, and will probably be 
in the near future, the primary oxygenated oc- 
tane booster to compensate for the reduction of 
lead and aromatics and to meet the oxygen 
requirement of the reformulated gasolines. The 
skeletal isomerization of n-butenes has become 
a very attractive route to isobutene. Medium- 
pore molecular sieves such as zeolites ferrierite 
[7] and ZSM-22 [8] and substituted alu- 
minophosphates with the AEL [4] and AT0 [9] 
topology have been tested as catalysts for this 
molecular rearrangement. Two different models 
considering either a bi-molecular mechanism 
involving the dimerization of n-butenes to octe- 
nium-like ions as the initial step, followed by 
branching and cracking to isobutene [lo] or a 
direct isomerization of n-butenes through a 
monomolecular route [8] have recently been 
proposed to occur over ferrierite and ZSM-22, 
respectively. A series of Me-AlPO-11 were also 
proved to be highly selective and stable cata- 
lysts for this transformation [4]. A monomolecu- 
lar mechanism was suggested by these authors 
with the participation of weakly acidic OH- 
groups interacting with Lewis acid centres as 
the active sites. 

The main purpose of this paper is to study 
the modes of acidity generation and the nature 

Table 1 
Synthesis conditions and nomenclature of the solids studied 

of the resulting acid sites, after the incorpora- 
tion of different additional elements in the alu- 
minophosphate framework. In order to evaluate 
the effect of such compositional changes on the 
catalytic behaviour, the transformation of l- 
butene at 743 K is used as a test. 

2. Experimental 

2. I. Sample preparation and characterization 

A detailed synthesis procedure for the prepa- 
ration of AlPO,-1 1 and SAPO-11 was given in 
a previous paper [3]. Cr-containing samples were 
prepared by adding an aqueous chromium (III) 
hydroxiacetate solution to the synthesis gel un- 
der synthesis conditions similar to those used 
for the AEL-like preparation, Fe and Mn were 
introduced in the synthesis gel as FeSO, .7H,O 
and Mn(CH,COO), . 4H,O, previously dis- 
solved in the phosphoric acid solution. Typical 
synthesis conditions of the solids studied are 
given in Table 1, together with their correspond- 
ing nomenclature as used in this work. A sam- 
ple of SAPO-11 was impregnated with 
chromium by incipient wetness using the same 
source of chromium. 

Al and P contents of the solids were deter- 
mined with the aid of an atomic emission spec- 
trometer, having a source of plasma inductively 
coupled. Si content was analyzed by atomic 
emission spectrometry. The percentage of crys- 

Solid 

SAPO-11A 
SAPO-11B ’ 
AlPO,-l 1 
Cr/SAPO-I 1B 
FAPO-11 
MnAPO- 11 
CrAPO-11 
CrAPSO- 1 

Nomenclature used in this work 

S-11A 
S-1lB 
A-11 
Cr/S-1 1B 
F-11 
Mtl-11 
Cr-11 
CrS-11 

Gel molar composition T, (K) t, (h) 

A120,:P20,:013SiG,:DPA:50H,0 473 24 
A1,0,:P,O,:0.3$iO,:DPA:5OH,O 473 24 
Al,O,:PsQ,:DPA:50&0 473 24 
Cr-impregnated on &APO-l 1B - - 

0.9Al,0,:P,O,:0.2Fe0:DPA:5OH~O 473 24 
0.9A1,0s:P20s:0.2MnO:DPA:50Hz0 423 72 
0.9Al,0,:P,O,:0.O6Cr,O,:DPA:5OH~O 423 90 
0.9A1,03:P20s:0.06CrzOs:DPA:50H20:0.3Si02 423 90 

T, and tc: temperature and time of crystallization, respectively. 
DPA: di-n-propylamine; Et,N: triethylamine. 
a Time of gel preparation before crystallization was halved with respect to SAPO-1 1A preparation. 
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tallinity was determined from the X-ray diff- 
ractograms recorded, after calcination of the 
synthetic solids overnight at 773 K, with a 
Philips diffractometer Py 1730 using Co-Km 
radiation (A = 1.790255 A) operated at 30 kV, 
20 mA and a scanning speed of 2” 2B/min. 
Diffraction lines between 8 and 25” 26’ were 
taken as reference for this calculation. The sam- 
ple S-l lA, showing the highest summation of 
the XRD-line intensities, was used as the refer- 
ence pattern. N,-specific surface areas (SSA) 
were obtained with a Micromeritics 2200 sorp- 
tometer at liquid nitrogen temperature, after 
pre-treating the samples in situ at 623 K under 
vacuum for 3 h. 57Fe Mossbauer spectra were 
taken at room temperature using a 57Co/Pd 
source and fitted by a non-linear least-square 
regression program. X-band EPR spectra were 
recorded at room temperature with a Varian 
line-E spectrometer. Diffuse reflectance (DRS) 
spectrum of CrAPO was recorded with a UV- 
VIS Perkin-Elmer spectrometer, scanning from 
200 to 800 nm at a rate of 100 nm/cm and 
chart speed of 50 nm/cm, using alumina as a 
white reference. 

NMR experiments were performed with the 
aid of two different instruments, a Bruker AMX 
and a MSL spectrometers, both of them oper- 
ated at 300 MHz for ‘H, 121.44 MHz for 31P 
and 78.17 MHz for 27A1. The spinning rate 
ranged between 8 and 10 KHz. Single pulses of 
3.3 pus were applied for 31P and *‘Al runs. 
’ H-*‘Al CP/MAS NMR spectra were recorded 
using a single contact pulse sequence, 1000 ps 
contact time, 90” ‘H-pulse and 4 s recycle de- 
lay. Chemical shifts of *‘Al and 31P are given in 
ppm from external A1(H20),f3 and 85% H,PO,, 
respectively. 

2.2. Catalytic test 

The transformation of 1-butene was carried 
out at 743 K under atmospheric pressure by 
feeding a mixture of 1-butene/N, in a molar 
ratio of 0.25 and overall gas flow rate of 60 cm3 
min-‘, to a stainless-steel continuous flow reac- 

tor containing 1 g of catalyst. The product 
analysis was done after 30 min on-stream by 
on-line gas chromatography, using a Hewlett- 
Packard 5890 chromatograph equipped with a 
fused silica KCl/Al,O, capillary column and a 
FID detector. The skeletal isomerization effi- 
ciency (SIE) was defined as the fractional ap- 
proach to the normalised isobutene equilibrium 
concentration (46.7%), excluding 1-butene, at 
743 K. The catalytic parameters were evaluated 
from the corrected chromatographic areas for 
each product ( Ai), excluding the reactant l- 
butene, as follows: 

(1) Conversion (X): 

‘= [CA/( CAi +Al-bute*e)] (1) 

(2) Selectivity (Si>: 

Si = [ Ai/ CA,] X 100 (2) 

(3) Skeletal isomerization efficiency (SIE): 
SIE 

( Aiso-butene + Acis-2-butene + Atrans-2-butene) 1 

1 
X- 

0.467 (3) 

The following selectivities were determined: 
Ssi (skeletal isomerization), S,, (double bond 
isomerization), S, (formation of butadiene), 
s c5+, (formation of hydrocarbons from C, to 
C,), S, (formation of hydrocarbons from C , to 
C3). &,+ and S, were calculated by introduc- 
ing the summation of the corresponding cor- 
rected areas in the numerator of Eq. (2). 

2.3. Acidity measurement 

Surface acidity was characterized by FTIR of 
the pyridine/catalyst interaction. Self-support- 
ing wafers of 7 mg/cm* were placed in a 
IR-cell specially designed for gas and thermal 
‘in situ’ treatments and activated under vacuum 
(lop5 Torr) at 723 K overnight. Afterwards, the 
temperature was dropped to 363 K and pyridine 
was admitted to the cell (5 Ton-). Then, the 
excess pyridine was evacuated. All the spectra 
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in the pyridine region were recorded after out- 
gassing at 443, 623 and 723 K. The intensity of 
the bands (band area/wafer optic density) at 
1550 and 1450 cm-’ measured after each out- 
gassing temperature, were taken to be propor- 
tional to the concentration of Bronsted and 
Lewis acid sites, respectively. For the purpose 
of this work three distinct acidity regions were 
arbitrarily defined in terms of the acid strength: 
total acidity (weak + moderate + strong) related 
to those sites retaining pyridine at 443 K, mod- 
erate + strong acidity, ascribed to those sites 
retaining pyridine at 623 K and strong acidity, 
associated with those sites retaining pyridine at 
723 K. 

3. Results and discussion 

3. I. Characterization 

Some characteristics of the solid studied are 
given in Table 2. The N,-sorption capacity of 
all of them is fairly good, with SSA values 
within the range previously reported for these 
structures [ 111. Observed differences can not be 
attributed to variations of the crystal integrity of 
the solids since, for instance, the sample S-l 1A 
having a relatively low SSA value showed a 
degree of crystallinity of 100%. Moreover, the 
sample F-l 1 with the lowest crystallinity pre- 
sented a high sorption capacity. Therefore, there 
is not a clear correlation between these two 
parameters as could be expected. Probably, in 

Table 2 
Some characteristics of the solids studied 

Sample SSA % Molar composition 
(m*/g) Cryst. formula TO, 

S-1lA 90 100 (Al,,sP0.47Si0.05)0* 
S-1lB 124 70 (Ale.,, Ps47 Sia.&a 
A-11 116 100 (Alc.&.,~z 
Cr/S-1lB 114 70 (Al~.~,P~,,,Si~.~~Cr~.~~~~ 
F-11 149 52 (Ak&‘a.sFec.c& 
Mn-11 87 65 (AlO.&.sMna.s&a 
Cr-11 95 - (Al,,,P,.,5Cr,.,,)O, 
CrS-11 151 100 (Al,s,P,.,,Cr,.,,Si~.~s~z 

Table 3 
Brensted (B) and Lewis (L) acid strength distribution 

S-11A 1.96 1.51 1.46 2.72 2.29 0.80 
S-11B 3.32 3.29 3.29 3.83 2.86 2.61 
A-11 3.40 0 0 4.59 2.72 2.60 
Cr/S-11B 8.28 3.10 2.02 5.59 3.83 1.30 
F-11 1.74 1.09 0 7.93 1.12 0 
Mn-11 2.97 1.90 0 2.47 2.10 0 
Cr-11 3.43 3.38 2.03 4.59 4.28 2.21 
CrS-11 5.35 4.54 3.40 4.86 4.85 3.08 

B-band intensity L-band intensity 

443 K 623 K 723 K 443 K 623 K 723 K 

the former case, some extra-framework material 
remaining from the synthesis, undetected by 
XRD, might be present in the pore channels 
causing a reduction of its sorption capacity. 

The molar fraction of the additional element 
lies between 0.04 and 0.08. 2gSi MAS NMR 
technique has previously been used to verify the 
incorporation of Si in the AEL framework [3]. 

Acid strength distribution is presented in 
Table 3 for both Bronsted an Lewis acid sites. 
As seen, the presence of an additional element 
in the basic aluminophosphate solid generates a 
significant increase in the Bronsted acid strength, 
strongly suggesting its incorporation in the 
framework. Surprisingly the basic AlPO,-1 1 
showed weak Bronsted acidity. No explanation, 
other than attributing this behaviour to structural 
defects leading to terminal P-OH and Al-OH 
groups, has been found. The occurrence of mod- 
erate and strong Lewis sites on this solid sup- 
ports the idea of structural breakage after calci- 
nation to yield defective Al sites as follows: 

\p/o\ O\\ ,O\ / 
/+\ if\ /L /t\ 

Obviously, these Al sites would not interact 
with charge-compensating protons which can 
not be present due to the lack of additional 
charge-unbalancing elements in the framework. 

The incorporation of Si generates a relatively 
high proportion of strong Bronsted acid sites. It 



D. Arias et al. /Journal of Molecular Catalysis A: Chemical 122 (1997) 175-186 179 

is apparent from Table 3 that the sample S-l 1A 
contains lower acid site density than its analo- 
gous S-11B. However, when the total B-band 
intensity (at 443 K) was divided by the product 
of the SSA and the fractional Si content, values 
of 0.44 and 0.45 Bronsted units/m* Si-atom, 
were respectively obtained. This result clearly 
reveals that pyridine accessibility to the pore 
system of the sample S-l 1A is reduced, support- 
ing our previous suggestion in the sense that 
some pore-plugging by extra-framework mate- 
rial, should be occurring. Furthermore, this re- 
sult also indicates that each Si atom in the 
framework generates the same amount of 
Bronsted acidity, as should be expected for 
structures with similar Si loading obtained by 
the same mechanism of Si incorporation. 

Incorporation of metals also yield solids of 
higher acid strength. In the case of the Mn-con- 
taming sample the model advanced by Gielgens 
et al. [4] seems to rationalise the surface acidity 
observed for this solid. According to this model, 
depicted in Fig. 1, divalent metals would be 
incorporated into the AEL framework generat- 
ing one P-OH group for each metal ion. Metal 
ions would act as Lewis sites interacting with 
Bronsted P-OH entities. The occurrence of 
Mn(I1) was evidenced from the X-band EPR 
spectrum taken at room temperature, showed in 
Fig. 2. Thus, the typical 6 major lines associated 
with Mn(I1) species are clearly observed from 
Fig. 2a. In order to resolve this sextet of hyper- 
fine lines a sample with a significantly lower 
Mn content (0.1 wt%) than the one used for the 
catalytic test (7.2 wt%) had to be analyzed. A 
Mn-supported AlPO,-11 sample of the same 
composition (0.1 wt%) showed no resolution of 

B-L interaction 
Fig. 1. Model by Gielgens et al. [4] explaining the way divalent 
ions like Mn2+ generate surface acidity. A Brfinsted-Lewis 
interaction is apparent. 

Gain 500 

2ooO Go”” 0 = 2.2Kw 

Fig. 2. X-band EPR spectrum of (a) MnAPO-11 and (b) Mn-sup- 
ported AlPO,- 11 with about 0.1 wt% of Mn. 

these lines, as shown in Fig. 2b, suggesting a 
better Mn dispersion on the former. 

3’ P MAS NMR spectra for Mn- 11 and a 
Mn-impregnated AlPO,- 11 (Mn/AlPO,- 11) are 

.,;:I 
6) 

dl..JL 
JI”, 38”) am 1w 0 -1oG -arm -me -rlln, -SlWl 

PPM 

(b) 

Fig. 3. “P MAS NMR spectra of the calcined solids (a) Mn-1 1 
and (b) Mn/AlPO,-11 with about 7 wt% of Mn. 
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shown in Fig. 3. In both cases the samples were 
calcined and then exposed to ambient conditions 
before the analysis. For Mn-1 1, contrasting with 
Mn-supported AlPO,-1 1, the intensities of the 
side bands are strongly enhanced. A similar 
effect, noticed by Olender et al. [12] over a 
MnAPSO material, was attributed to anisotropic 

R 
aramagnetic shift due to dipolar interaction of 
P nuclei with paramagnetic M&I). In the 

present case this effect is more pronounced 
probably due to the higher Mn content of our 
sample as compared with the one used by the 
former authors (as much as 4 times). 

The sample Mn-11 with the higher Mn load- 
ing showed a violet colour, contrasting with the 
pale-brown one showed by a Mn-impregnated 
AlPO,-11. This indicates that Mn ions are in a 
chemical environment, when added to the syn- 
thesis gel, different from the one in the Mn-im- 
pregnated material. 

1 , I , I 
-8.0 0.0 8.0 mmk 

I * I , 1 I I I I 

- 8.0 0.0 8.0 m 

o.o*/*~l 

V 
2.0 9u 

I . I , I I I I I 

-8.0 0.0 8.0 non/s 

Fig. 4. Mossbauer spectra at room temperature of F-11 (a) cal- 
cined (b)‘as-synthesized and (c) after reaction with 1-butene at 
143 K. 

Fig. 5. X-band EPR spectrum of (a) as-synthesized F-11 and (b) 
calcined F- Il. 

The high proportion of weak Lewis acidity, 
observed for the Fe-containing sample, can be 
explained in terms of the presence of extra- 
framework Fe(II1) after the calcination treat- 
ment. From the Miissbauer spectrum shown in 
Fig. 4a the characteristic doublet of Fe(III), 
probably as well-dispersed Fe,O, particles in 
calcined F-l 1, can be observed. A typical Fe(I1) 
doublet is absent, indicating that most of the 
Fe(I1) initially present was oxidized. In fact, the 
spectrum of the as-synthesized F-l 1, shown in 
Fig. 4b, indicates that even before calcination 
Fe(D) is present. This spectrum was fitted into 
three doublets, two of them with isomer shifts at 
1.44 and 1.13 mm/s are associated to Fe(I1) 
and the third one, with an isomer shift at 0.29 
mm/s is ascribed to Fe(II1). The latter value is 
very close to the one previously obtained for 
Fe(II1) in tetrahedral coordination in ordered 
crystalline materials [ 131. Furthermore, EPR 
spectrum of F-l 1 before calcination (see Fig. 
5a) showed a strong signal at g 1 = 4.14 that has 
been previously ascribed to tetrahedral Fe(II1) 
and another one at g, = 2.00 related to octahe- 
dral Fe(II1) [14]. The latter signal also showed a 
superimposed well-defined narrow signal, typi- 
cal of a free-electron resonance, probably due to 
the presence of the organic template occluded in 
the solid. The g,/g, signal-intensity ratio was 
close to unity (0.9). After calcination this ratio 
was increased to 5.8 (Fig. 5b), suggesting the 
segregation of structural Fe(II1) to extra-frame- 
work positions. Moreover, the as-synthesized 
F-l 1 sample showed a dark-green colour con- 
trasting with a brown-earth typical of Fe,O, 
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observed after calcination. Under reaction con- 
ditions, in the presence of hydrocarbons, partial 
reduction of Fe(II1) to Fe(II) has been reported 
to occur [4]. In fact, when a sample of F-l 1 was 
made to react with I-butene at 743 K the 
Mijssbauer spectrum showed in Fig. 4c was 
obtained. In this case the Fe(B) doublet, in 
addition to the one associated to Fe(III), was 
clearly evidenced. Based on the previous obser- 
vation a pyridine adsorption-desorption treat- 
ment, under similar conditions to those used for 
the acidity determination, was performed for 
F-l 1. A Miissbauer spectrum identical to the 
one corresponding to the calcined F-l 1, shown 
in Fig. 4a, was obtained, discarding the reduc- 
tion of Fe(II1) by this reagent. Consequently, the 
observed Bronsted acidity on this solid can not 
be associated to the ‘in situ’ reduction of Fe(II1) 
to Fe(B) by pyridine in the AEL structure. 
Therefore, a different approach, considering the 
possibility that structural Fe(II1) can generate 
surface acidity, is to be figured out. A model, 
taking into consideration such alternative is pre- 
sented in Fig. 6. Initially, Fe atoms are thought 
to be incorporated in the structure of the as- 
synthesised material. Then, after calcination, 
most of the Fe species Fe(II1) ions are dislodged 
from the framework to form well-dispersed and 
isolated Fe,O, particles that would act as Lewis 
sites. This breakage of the structure would give 
rise to a structural charge imbalance, leading to 
a negatively charged framework and, conse- 
quently, to potential Bronsted acidity. Such a 
situation would result in a less crystalline mate- 
rial as was, indeed, observed (see Table 2). The 
Miissbauer spectrum of Fig. 4a is characteristic 
of Fe(II1) either as ionic species or as well-dis- 

persed isolated Fe,O, particles. Moreover, the 
calculated isomer shift and quadrupole splitting 
parameters, 0.41 and 0.8 mm/s, respectively, 
are very close to those obtained by Cardile et al. 
[13] for an amorphous Fe-phase. 

Chromium was the only metal generating 
strong acid sites of both, Lewis and Bronsted 
nature. This observation suggests a difference in 
the way the metals studied are interacting in the 
AEL framework to create acid sites. Chromium, 
in the as-synthesized Cr-1 1, is very likely to be 
incorporated as trivalent metal-ion in place of 
Al atoms. In such a situation the resulting solid 
must be electronically neutral. During the calci- 
nation treatment, as was previously proposed by 
Chen and Sheldon [5], Cr(II1) in octahedral 
coordination within the framework with two 
additional water ligands, is thought to be oxi- 
dized to Cr(V1) in tetrahedral coordination as 
dioxochromium (VI) species, giving rise to a 
negatively charged framework that can be bal- 
anced by protons. These authors also found that 
incorporation of CrWI) species generate strong 
Lewis centres. A missing point of the model is 
related with the way in which electron donor 
molecules, such as pyridine, interact with Cr 
atoms without altering their tetrahedral coordi- 
nation. In this respect, Janchen et al. [15] envis- 
aged a sort of distorted tetrahedral for structural 
Co atoms to explain the observed Lewis acidity 
in CoAPO materials. 

Evidence for the occurrence of Cr(III> in the 
as-prepared CrAPO was obtained from the 
UV/VIS-diffuse reflectance spectrum shown in 
Fig. 7a, From this spectrum, typical bands at 
440 and 622 nm, ascribed to octahedral Cr(III) 
species [16] were clearly observed. After calci- 

H 

B-L interaction 

Fig. 6. Proposed model to explain how the incorporation of Fe(II1) in the framework might generate, after calcination, surface acidity and 
Brcansted-Lewis interaction. 
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240 520 
vnm) 8oo 

Fig. 7. DRS spectra of Cr-11: (a) as-synthesized and (b) calcined. 

nation at 793 K under air stream, the DRS 
spectrum shown in Fig. 7b was obtained. In this 
case, main bands at around 270 and 350 nm, 
ascribed to Cr(VI) and a small shoulder at 440 
nm, associated with Cr(III), were observed. 

The above discussion finds support in the 
fact that the crystal field stabilization energy 
(CFSE) for octahedral Cr(II1) (224.5 kJ/mol> is 
much higher than the one for tetrahedral Cr(II1) 
(66.9 kJ/mol) [17]. For Cr(VI), on the contrary, 
tetrahedral coordination has been shown to be 
preferred [ 181. 

The addition of chromium to the synthesis 
gel of SAPO-11, led to a solid (CrS-11) with an 
increased proportion of moderate and strong 
acid sites with respect to the SAPO-11 free of 
chromium. This is in good agreement with the 
expected generation of such kind of sites, result- 
ing from the mechanism of chromium incorpo- 
ration already discussed. On the contrary, Cr- 
impregnated S APO- 11 (sample Cr/S- 11) 
showed a reduction of moderate and strong sites 
and a significant increase of weak sites as com- 
pared to the basic SAP0 solid. These differ- 
ences in the acidic properties of the samples 

Cr/S-11 and CrS-11 further suggest the incor- 
poration of chromium in the AEL framework 
when added to the synthesis media. 

Recent characterization studies on the 
chromium system using XPS and redox cycles 
1191 as well as adsorption of NO, acidity mea- 
surements on reduced and oxidic materials, DRS 
and the skeletal isomerization of 1-butene 
[20,21] have been reported. For the sake of 
completion and due to the relevance of these 
studies, a summary of the salient features is 
reproduced: 

(1) DRS and XPS studies showed that a large 
fraction of Cr(V1) was found on. the oxidic 
CrS-11 sample. XPS showed that almost 70% 
of the chromium existed as Cr(V1). A large 
amount ‘( N 82%) of C&II) was found for the 
oxidic Cr-supported material (Cr/S-1 l), 
Chemisorption of NO showed the presence of 
high chromium oxidation states on the oxidic 
CrS-11, thus, agreeing with the DRS and XPS 
results [ 191. The distribution of oxidation states 
of chromium for the reduced CrS-11, derived 
from XPS and NO chemisorption, was different 
( N 40% Cr(V1) and H 60% C&II)) compared 
to the oxidic sample. These results show that 
Cr(V1) was more stable towards reduction at 
(H,, 773 K) in the CrS- 11 catalyst, compared to 
Cr-supported on conventional supports e.g. alu- 
mina and zirconia. The difficulty in reducing 
the Cr(V1) species supports the notion of incor- 
poration of chromium into the framework. For 
the Cr/S-11 solid, Cr(III> was extremely stable 
towards oxidation at 773 K and almost no dif- 
ferences were observed for the distribution of 
oxidation states of chromium for the oxidic and 
reduced catalysts. Due to the redox character- 
istics and the values for the Cr 2p/ Al 2p 
intensity ratios, the formation of chromia species 
on this catalyst is suggested. The above men- 
‘tioned XPS results showed excellent agreement 
with redox data (HZ-O,) cycles. 

(2) As already mentioned, the oxidic CrS-11 
catalyst showed an increase in the number of 
moderate and strong acid sites compared to its 
SAPO- 11 counterpart. The reduction process, 
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however, decreased the strong Brgnsted acid 
sites by a factor of two. A concomitant decrease 
was observed for the moderate and strong Lewis 
acid sites upon reduction [19]. These results 
suggest that a partially unsaturated Cr(VI) in the 
vicinity of OH groups may act as strong Lewis 
sites, enhancing Bronsted acidity by Brgnsted- 
Lewis interaction. After the reduction process 
the number of Cr(VI) species is considerably 
decreased, lowering not only the Lewis but also 
the Br@nsted acidity. On the contrary, the sup- 
ported sample showed a reduction of moderate 
and strong acid sites compared to the SAPO-11 
matrix. In this case, the reduction process did 
not cause major changes in the acidity distribu- 
tion. 

(3) The CrS-11 catalyst was more selective 
towards the formation of isobutene, for times- 
on-stream < 2.5 h, than its SAPO-11 counter- 
part and the supported chromium system [19]. 
After 2.5 h a drastic decrease in the selectivity 
occurred with a concomitant increase in the 
formation of butadiene and 2-butenes. Changes 
in acidity brought about by the reduction pro- 
cess of the @VI) species (in the CrS-11) by the 
hydrocarbon stream may explain the differ- 
ences, in accordance with the above discussion. 
No such effect was observed for the supported 
system. 

(4) To further evaluate the feasibility of in- 
corporation of Cr(VI) into the framework, suc- 
cessive ion exchange treatments of the calcined 
CrS-11 sample with an ammonium nitrate solu- 
tion were performed. The results showed almost 
no loss of Cr(VI) from the calcined material. It 
is well known [5] that nonframework Cr(VI) 
species are easily extracted from calcined re- 
lated materials by simply treating them with 
water. 

In order to verify the relationship between 
Bronsted and Lewis sites suggested by the mod- 
els already discussed, Brensted acidity, ex- 
pressed as the intensity of the B-band after 

outgassing at 623 K, was plotted in Fig. 8a 
against the L-band intensity at the same evacu- 
ating temperature. As seen, there is a very good 

6 W 

0 

0 2 4 6 

L-Band Intensity 

Fig. 8. Correlation between Bronsted and Lewis site population 
for substituted AlPO, molecular sieves after pyridine removal at 
623 K: (a) MeAPO’s and MeAPSO and (b) SAPO’s. 

linear correlation between them, with a slope 
close to unity (B = 0.09 + 0.85L; r = 0.98), 
strongly supporting a one-to-one Lewis- 
Bronsted interaction, as predicted by the above 
described models. Interestingly, Mn and Fe in- 
corporation led to acid sites of the same acid 
strength (weak and moderate) whereas the triva- 
lent incorporation of chromium followed by 
oxidation to @VI) gave rise to stronger acid 
sites. In would seem that the electron acceptor 
capacity (Lewis strength) of the metal ion in the 
framework, governs the resulting acid strength 
of the combined-site. In fact, the strong elec- 
tron-withdrawal character of the free oxygen 
atoms linked to Cr atoms is expected to increase 
the electron accepting capacity of the metal 
centre. 

Si-containing materials (SAPO), as we have 
already reported [3], have also shown the same 
kind of correlation between Brgnsted and Lewis 
acid sites. Such correlation can be visualized in 
Fig. 8b. Interestingly, although the linear corre- 
lation observed for these samples, adjusted by 
least-square ( B = - 0.11 + 0.92 L; r = 0.83), is 
not as good as the one obtained for the metal- 
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Fig. 9. Solid state MAS NMR spectra of S-1IB (a) “Al MAS 
NMR and (b) ‘H-27A1 CP/MAS NMR. Band assigned to Al”‘, 
has been labeled with an asterisk. 

containing series (MeAPO and MeAPSO), the 
resulting slope close to unity suggests, again, a 
one-to-one Lewis-Bronsted interaction. In order 
to explain this curious synergism a situation in 
which a small fraction of the original AI-O 
bonds (those adjacent to Si atoms) would break 
down to generate defective electron-deficient 
species, might be imagined. These electron- 
acceptor species would be interacting with 
Bronsted-like OH groups giving rise to new 
sites of enhanced acidity, as has been classically 
proposed in the literature for silicoaluminate 
materials [22]. 

The 27A1 MAS NMR spectrum of a calcined 
and exposed to ambient SAP0 sample is shown 
in Fig. 9a. A small band at around - 15 ppm, in 
addition to the main one at around 40 ppm 
(corresponding to framework tetrahedral Al in 
AlPO, environment), was clearly observed. This 
band is more evident from Fig. 9b, in which 
‘H-27A1 CP/MAS NMR spectrum is shown. 
Previous reports [23,24] have ascribed this band 
to framework octahedral Al atoms. The fact that 
1H-27A1 CP/MAS NMR experiments showed 
an intensity enhancement of this band strongly 
supports the association of these octahedrally 
coordinated Al atoms with either water 
molecules or OH groups. A similar band was 

ascribed by Janchen et al. 1241 to octahedrally 
coordinated framework Al atoms after water 
and NH, adsorption experiments on AlPO,- 18 
at around 300 K. 

3.2. Catalytic properties 

A summary of the catalytic results is pre- 
sented in Table 4. In spite of the fact that the 
total conversion of 1-butene remained almost 
constant at around 80% regardless of the nature 
of the catalyst, strong differences in the skeletal 
isomerization selectivity were observed. It fol- 
lows that the double-bond isomerization is a 
facile reaction that readily occurs under the 
actual reaction conditions over these materials. 
Under these circumstances a mixture of II- 
butenes can be considered as the actual pool of 
reactants for the skeletal rearrangement. AIPO,- 
11 (A-l 1) showed a very low skeletal isomer- 
ization and negligible amounts of undesirable 
by-products, in line with its low Bronsted acid- 
ity and in spite of possessing moderate + strong 
Lewis sites. The incorporation of additional ele- 
ments in the AEL framework gave rise to an 
increase of the SIE which correlates with the 
medium + strong acidity of both Bronsted and 
Lewis kind, as can be observed from Fig. 10. 
As derived from this figure the Cr-supported 
sample Cr/S-11B does not fit these correla- 
tions. This sample, as determined by previous 
studies [20] whose summary has already been 
presented, is very likely to contain free chromia. 
Since the accessibility of pyridine and 1-butene 
seems not to have been restricted by the pres- 

Table 4 
Summary of the catalytic results for the transformation of I-butene 
at 743 K after 30 min on-stream 

Sample X S, Sc-+ sdb ‘si Sb SIE 

A-11 0.78 0.006 0.004 0.95 0.04 0.005 0.08 
s-ilk 0.78 0.03 0.02 0.71 0.24 0.002 0.55 
S-IIB 0.83 0.04 0.06 0.54 0.37 0.001 0.87 
F-11 0.76 0.005 0.005 0.84 0.15 0.003 0.33 
Mn-11 0.84 0.01 0.01 0.70 0.28 0.001 0.62 
crs-11 0.82 0.10 0.05 0.44 0.37 0.05 0.96 
Cr/S-11B 0.82 0.01 0.02 0.80 0.16 0.005 0.36 
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Fig. 10. Correlation between the skeletal isomerization efficiency 
(SE) and the pyridine IR-band intensity measured after out- 
gassing at 623 K. (a) Brensted band and (b) Lewis band. 

ence of this material and the fact that the active 
sites for the double-bond isomerization were not 
affected, a sort of a selective deactivation of the 
medium + strong acid sites, thought to be the 
active centres for the skeletal rearrangement, 
has to be considered. The sample A- 11 neither 
fit the correlations, particularly the one for the 
Lewis acid sites. This observation indicates that 
Lewis sites alone can not act as active centres 
for this reaction. However, a few sites with the 
strength enough to catalyse the skeletal isomer- 
ization have to be accepted to exist on A-l 1 in 
order to explain the experimental observation. 
The nature of these sites might be envisaged, as 
suggested by Gielgens et al. [4], as weakly 
acidic OH-groups interacting with Lewis acid 
centres. It is well known that olefins adsorption 
is highly enhanced in the presence of Lewis 
centres. Therefore, in addition to its electron- 
withdrawal effect on the lability of the adjacent 
proton, a Lewis centre in the vicinity of a 
Brgnsted one will also favour the necessary 
adsorption step of the reactant. 

The solid CrAPSO showed the highest SIE 
(96%) in agreement with its highest acid 
strength. Selectivity towards butadiene was also 
the highest (5%) suggesting the presence of a 
dehydrogenating species [20,21]. As was al- 
ready referred, Cr(V1) species initially present 
in the calcined CrS-11 can be reduced by hydro- 
gen [19]. It is also well known that chromium 
containing catalysts can be reduced by hydro- 
carbons [25]. Thus, such partially ‘in situ’ re- 
duced chromium species may act as dehydro- 
genating sites as suggested in a recent literature 
report [25]. In previous work [21] we had al- 
ready reported the dramatic loss of skeletal 
isomerization selectivity, after 1.50 min on- 
stream, for the CrAPSO- 1 catalyst. The ab- 
sence of butadiene when Cr-supported SAP0 
(Cr/S-11) was used, further strengthens its dif- 
ferences with CrAPSO- 1 and reinforces the 
idea of the formation of free chromia (non-de- 
hydrogenating species) on this sample. Further 
discussion on this matter can be found in a work 
sent for publication [20]. It seems that the closer 
to the equilibrium yield for isobutene the higher 
the cracking and Cl production. A similar ob- 
servation was reported over ZSM-22 by Corma 
et al. [8]. This product enhancement seems to 
occur at the expense of the 2-butenes produced 
(cis- and trans-2-butenes). Probably, olefin 
oligomerization followed by cracking of the 
oligomers formed is likely to be favoured at 
near-equilibrium (C, = ) conditions. Further- 
more, the higher the acid site (medium + strong) 
population the higher the extension of these 
consecutive transformations should be. A more 
detailed product distribution study, out of the 
scope of this work, should be done to draw any 
definitive conclusion. 

4. Conclusions 

Incorporation of Si and metal ions in the 
aluminophosphate framework generates, after 
calcination, acid sites of both Lewis and 
Bronsted type of enhanced acid strength com- 
pared to their parent unsubstituted AlPO,. A 
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clear synergism between these two kind of acid 
sites are likely to occur, leading to solids of 
improved catalytic activity. This idea of a 
Lewis-Bronsted synergism has long been con- 
sidered for zeolites and related materials. So, 
Mirodatos and Barthomeuf [26] proposed the 
existence of ‘superacid sites’ consisting of ex- 
tra-framework Al species acting as Lewis cen- 
tres interacting with structural OH sites. This 
model was first experimentally proved by Dwyer 
et al. on a series of steam-treated ZSM-5 zeo- 
lites [27]. More recently, Su and Barthomeuf 
[28] also suggested that the increase in acid 
strength of a SAPO-37 sample upon heating, 
might be related to an interaction between pro- 
tons and Lewis centres. 

From the characterization study of the 
metal-containing solids, particularly for the 
chromium system, the incorporation of the met- 
als studied seems to occur. The resulting acidity 
strongly depends on both the oxidation state and 
the stability of the metal species in the frame- 
work. Models advanced in the literature to ex- 
plain the acidity generation after Me(B) [4] and 
C&II) [s] incorporation, have been used to 
rationalise our results. 

The skeletal isomerization efficiency during 
the transformation of I-butene correlates well 
with both Lewis and Bronsted sites of medium 
and high acid strength. Lewis sites alone can 
not act as active centres for such skeletal rear- 
rangement. Differences in the catalytic be- 
haviour of CrAPSO- 1 as compared with 
Cr/SAPO-1 1 support the idea of structural Cr 
species existing in the former and extra-frame- 
work chromia occurring in the latter. 
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