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Synthesis and catalytic properties of substituted
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Molecular sieve AIPO4-31 and substituted analogues (MnAPO-31, SAPO-31, MnAPSO-
31) have been tested for their catalytic properties in the isomerization of 1-butene over 6 h time
on stream at 743 K. The conversion of 1-butene proceeds selectively by either double bond or
skeletal isomerization. MnAPSO-31 with a molar MnO/P,0s ratio adjusted to 0.01 yields the
highest percentage of isobutene whereas the parent AIPO4-31 leads almost completely to a dou-
ble bond shift with only minor skeletal isomerization. The results are related to the acidity char-
acteristics that were determined by ammonia thermodesorption. Deactivation is
accompanied by a loss of selectivity for the skeletal isomerization.

Keywords: Aluminophosphate molecular sieves; Si and/or Mn modification; isomerization
of 1-butene

1.Introduction

Aluminophosphate molecular sieves (A1PO,) are a new class of microporous
solids with great varieties of crystal structures and chemical compositions [1-7].
They possess not only the characteristic features of zeolites but also additional spe-
cific properties owing to their chemical constituents. Aluminophosphate molecu-
lar sieves are built from aluminate and phosphate tetrahedra: their lattice is
electroneutral with neither nonframework cations nor ion exchange capacity. An
isomorphous replacement of P and/or Al by other elements opens wide possibili-
ties for modifying the AIPOys in terms of their acidity (creation of acid sites of
Brensted type with different acid strengths) and also, although relatively minor, in
terms of alterations of pore radii. Silicoaluminophosphates (SAPOs) are formed
after a partial substitution of lattice phosphorus by silicon; manganese alumino-
phosphates (MnAPOs) are formed after partial replacement of lattice aluminum
by manganese. A simultaneous presence of both silicon and manganese in the
synthesis gel leads to manganese silicoaluminophosphates (MnAPSOs).
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The well defined system of pores with diameters between 0.3 and 1.0 nm favors
applications of these molecular sieves as catalyst components and adsorbents.
Their shape selective catalytic properties emerge due to the variety of pore sizes and
shapes. AIPO4-31 belongs to the class of medium pore molecular sieves and has
an unidimensional pore system (d = 0.53 nm) whose 12-ring pore openings are cir-
cular, built from alternating 4- and 6-rings. According to Bennett and Kirchner
[7] the difference in pore size compared to AIPO4-5 (d = 0.73 nm), another molecu-
lar sieve with circular 12-ring pores, results from the zigzag chains that tilt the
4-rings and produce extremely nonplanar 6-rings in A1PO4-31. The unit cell para-
metersarea = b = 2.083nm, ¢ = 0.50nm, and y = 120°[7].

Synthesis and properties of the molecular sieve SAPO-31 were described in a pre-
vious paper [8]. It could be shown by 2’Al and 1P MAS NMR that aluminum and
phosphorus are tetrahedrally coordinated in the dehydrated framework. Accord-
ing to 22Si MAS NMR only a part of the silicon is incorporated into the framework
in the form of monomeric silicon, the remainder being present as amorphous mate-
rial and/or silica islands within the SAPO-31 framework. This contribution
reports on the synthesis of AIPO4-31 and its substituted analogues, MnAPO-31
and MnAPSO-31, as well as on their catalytic properties for the isomerization of 1-
butene.

The conversion of 1-butene into isobutene is of great technical interest, because
isobutene is one component for manufacturing methyl tertiary-butyl ether
(MTBE) which is a valuable octane rate booster for gasoline. In general, butenes
are obtained from cracking units as mixtures containing 1-butene, cis-, trans-2-
butene, isobutene, #- and isobutane as well as butadiene. Butadiene and isobutene
are valuable raw materials, separated from the C4 cut by extraction (butadiene) or
through a MTBE synthesis stage (isobutene). The feed can be recycled for further
isomerization of n-butenes to isobutene. Normally, the conversion is performed as
heterogeneously catalyzed gas phase reaction within the temperature range 600-
900 K over acid solids, preferentially silica—alumina [9] or 1- and y-Al,O3 pro-
moted with HF [10]. A serious drawback of the latter catalyst system is the volatile
fluor compound and the short lifetime of the catalyst.

The skeletal isomerization of 1-butene at elevated temperatures is always accom-
panied by a double bond isomerization to cis- and trans-2-butene which are
mutually interconvertible. The reaction scheme can be visualized as shown in fig.
la. Fig. 1b represents the thermodynamic equilibrium composition of a C4 olefin
mixture between 300 and 1000 K [11]. From a thermodynamic standpoint the per-
centage of isobutene is highest at low temperatures but to achieve reasonable reac-
tion rates in the technical process, higher temperatures are required.

We examined the conversion of 1-butene into isobutene over AIPO4-31 modi-
fied with either Si (SAPO-31) or Mn (MnAPO-31) or both elements (MnAPSO-31)
during the synthesis stage. The results are related to the acidity characteristics of
the molecular sieves.
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Fig. 1. Isomerization of n-butenes. (a) Reaction scheme, and (b) thermodynamic equilibrium compo-
sition between 300 and 1000 K [11].

2. Experimental

2.1. SYNTHESIS OF THE MOLECULAR SIEVES

The parent molecular sieve AIPO4-31 was synthesized according to the method
described by Lok et al. [12] but with those alterations outlined in ref. [8]. The gel had
the composition (on a molar basis): 3.0 Pr,NH (di-n-propylamine), 1.2 Al,03, 1.0
P,0s, 40 H,O. The crystallization was performed under autogenous pressure at 473
K withina teflon-lined steel autoclave (volume 100cm?) fora synthesis time of 24 h.

After crystallization had been completed the solid was separated from the mix-
ture, washed with distilled water until neutrality and dried at room temperature
under ambient conditions. Finally, the molecular sieve was calcined at 873 K in air.
The XRD pattern confirms the phase purity (fig. 2a, dashed spectrum). However,
a synthesis procedure employing template excess leads to large crystal agglomer-
ates up to diameters of 200 yum (fig. 3a). For catalytic applications, small crystal-
lites guarantee better effectiveness owing to a favourable surface-to-volume ratio.
The morphology has been found to be dependent on the template concentration in
the gel. Synthesis performed with only 1 mol Pr,NH instead of 3 mol supported
by a small amount of AIPO4-31 seed crystals yield AIPO4-31 molecular sieve crys-
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Fig. 2. XRD Patterns of AIPO4-31 based molecular sieves. (a) AIPO4-31, synthesized with template
excess (— — —) and with low template concentration (——), (b) MnAPO-31/2, (c) SAPO-31, (d)
MnAPSO-31/1, () MnAPSO-31/2, and (f) MnAPSO-31/3.

tals of smaller size (fig. 3b) but simultaneously some admixture of a second phase
identified as AIPO4-11 is observed (fig. 2a, full lines). Since the investigation had an
industrial background [13] The phase impurity, which is present in the substituted
analogues as well, was tolerated. Synthesis on a larger scale, above all, has to avoid
large amounts of the amine templates for economic and environmental reasons.

SAPO-31, MnAPO-31 and MnAPSO-31 were synthesized from a gel of the
molar composition 1.0 Pr,NH, 1.2 A[;0s, 1.0 P,Os and 40 H,0. Additionally,
Si0;-sol and/or MnSO4 H;0 were added. All syntheses were supported by addi-
tion of AIPO4-31 seed crystals.

The analytical determination of the manganese content was performed photo-
metrically at a wavelength of 450 nm [14]. The manganese was brought into solu-
tion by boiling 50-100 mg of the samples with concentrated HCl for 10 min.
Afterwards, solutions for photometrical analysis were prepared according to ana-
lytical standards [14]. Table 1 summarizes designations, compositions and overall
acidities of the molecular sieve samples.



H.-L. Zubowa et al. / AIPO 4-31-based molecular sieves 71

Table 1
Catalyst samples
Notation MnO/P;,0; Si0,/P,05 Mn content Overall acidity
ratio ratio (wWt%) (mmol/g)
AlPO,-31 - - - 0.15
MnAPO-31/1% 0.025 - 0.75 0.26
MnAPO-31/2 0.010 - - 0.32 0.23
SAPO-31 - 0.1 - 0.26
MnAPSO-31/1 0.010 0.1 0.28 0.25
MnAPSO-31/2 0.025 0.1 0.65 0.25
MnAPSO-31/3 0.050 0.1 1.25 0.24

# Reference sample that was used in ammonia TPD for allowing comparison of acidity with sample
MnAPSO-31/2.

2.2. CHARACTERIZATION OF THE MOLECULAR SIEVES

The molecular sieves were characterized by X-ray diffraction (Cu K,-radiation)
within the range 2.2° < <20°. Scanning electron microscopy was performed with
a Tesla BS 300 equipment.

Temperature programmed desorption of ammonia (NH; TPD) was carried out
at normal pressure in a flow reactor with helium (carrier gas flow rate 1 cm? s71).
After the adsorption step of ammonia at 393 K, the heating program consisted of
an isothermal desorption at 393 K followed by a linear temperature increase
(heating rate 10 K min~!) up to 800 K. The desorption was completed under iso-
thermal conditions at 800 K. Sample weights of 200 mg were used (crushed pellets,
0.35-1.0 mm). Desorbing H,O was removed by a KOH trap before analysis. The
gas phase concentration of NH; was determined by a thermal conductivity cell.
Additionally, the effluent stream was conducted through a water flask and the
overall amount of desorbed ammonia analysed after completion of the experiment
by titration with 0.1 N H,SO4. The overall concentration of acid sites corresponds
to the amount of desorbed ammonia. A discrimination between strong (Brensted)
sites and weak (Lewis) sites through deconvolution of the desorption profiles could
not be performed owing to the poor resolution.

2.3. CATALYSIS

Catalytic measurements were performed under normal pressure at 743 K apply-
ing a feed containing 50% of 1-butene, diluted by nitrogen (overall flow rate 1 cm3
s7!) in a metal flow reactor (diameter 10 mm). Catalyst extrudates (diameter
~ 1.5 mm) were prepared from the template-free molecular sieve (35%) and a bin-
der (65%, SiO,/Degussa). Catalyst weights of 1 g were used for the catalytic tests.
Therefore, the weight hourly space velocity (WHSV) amounted to 4.5 h~! (gram of
1-butene per gram of catalyst per hour) at the chosen reaction conditions. The first



72 H.-L. Zubowa et al. / AIPO4~31-based molecular sieves

Fig. 3. Scanning electron micrographs of (a) AIPO4-31, synthesized with high template concentra-
tion, (b) AIPQ4-31, low template concentration, (¢} SAPO-31, and (d) MnAPSO-31/2.
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Fig. 3. Continued.
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analysis was performed after 0.5 h time on stream, the second one after 1 h and
further analyses were taken in regular intervals up to 6 h. Catalytic data were evalu-
ated as follows:

conversion of 1-butene (%) = 100[(1-butene);, —(1-butene),y |/ (1-butene);y,
selectivity of isobutene (%) = 100(isobutene)oy /[ (1-butene)i, —(1-butene)oy: |,

referred to the overall conversion of 1-butene.

Product analysis was accomplished by gas chromatography on packed beds of
Kugelgel KW 1 (column length 2 m, internal diameter 2.4 mm) at 353 K (separa-
tion of 1-butene from isobutene and n-butenes) and porolith with 15% di-n-propyl-
sulfone (column length 4 m, internal diameter 2.4 mm) at 298 K (separation of
products).

3. Results and discussion
3.1. CRYSTALLINITY AND MORPHOLOGY

Both the as-synthesized and the template-free synthesis products were character-
ized by XRD. All samples exhibit the AIPOs-31 structure. The XRD diagram of
the parent AIPO4-31 synthesized with template excess is given in fig. 2a (dashed).
Characteristic X-ray diffraction lines are observed at d = 0.282, 0.320, 0.393,
0.406, 0.440 and 1.030 nm. Fig. 2a (full lines) shows the XRD pattern received for
AIPQO,4-31 synthesized with low template concentration. The emergence of addi-
tional lines is easily seen by comparison with the dashed spectrum. The alien phase
could be identified as AIPQ4-11. Its content reaches ~15%. The Si and Mn substi-
tuted analogues all contain some admixture of the 11 structure, yet the percentage
varies as estimated from the intensity ratio of the characteristic diffraction lines
(figs. 2b-2f).

As mentioned before, AIPO4-31 crystallites from as-synthesized batches with
high template concentration have spherical shape with maximum diameters of
~ 200 um. These spherical particles are agglomerates with at least three layers of
varying morphology (fig. 3a): the outer layer consists of hexagonal compact bars
and needles, the intermediate layer is built from hexagonal pipes, and the core has
apparently a more dense consistency. The AIPO4-31 sample utilized for catalytic
measurements reveals a different morphology (fig. 3b). The rod-shaped, predomi-
nantly agglomerated crystallites exhibit average dimensions of 3 x 1 x 1 ym. In
principle, SAPO-31 and MnAPSO-31 have similar morphologies (figs. 3c, 3d).
Agglomerates reach diameters up to 15 x 15 pm (MnAPSO-31/2).

3.2. ACIDITY

The ammonia desorption profile of AIPO4-31 shows a single asymmetric peak
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with a maximum temperature at 498 K (fig. 4a and table 1). The acidity originates
from either Lewis acid sites or terminal POH groups which could be shown to exist
on AlIPO4-31 [15]. POH groups represent weak acid sites of Brensted type. Sites
with higher acid strength are generated if, at least partially, AI(III) is replaced by
Mn(II) (MnAPO structure) or P(V) is replaced by Si(IV) (SAPO structure).
Obviously, both substitution routes have taken place as infers from the ammonia
desorption profiles of MnAPO-31/2 and SAPO-31 (figs. 4a, 4b). The MnAPO-31
structure reveals an enhanced overall acidity compared with AIPO4-31 including a
certain percentage of sites with higher acid strength that characterizes the peak
form beyond 550 K. Direct evidence for manganese incorporation into molecular
sieve structure AIPO4-11 is reported by Brouet et al. [16] who applied electron spin-
echo modulation measurements. In our case, indirect evidence for a partial incor-
poration of Mn(Il) in framework positions of AIPO4-31 comes from ammonia
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Fig. 4. Ammonia TPD profiles following adsorption at 393 K. (a) AIPO4-31, low template concentra-

tion (——) and MnAPO-31/1 (— - —), (b) AIPO4-31 (——) and SAPO-31 (— — -), (c) SAPO-31

(— — —)and MnAPSO-31/2 (- - - —), (d) SAPO-31 (— — —) and MnAPSO-31/1 (— - - —) and (e)

SAPO-31 (— — —) and MnAPSO-31/3 (— - - —). Sample weight 0.2 g, carrier gas helium, flow rate
1 cm®s~!, heating rate 10 K min~".
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desorption and from the observed activity enhancement of the MnAPO-31/2
sample during the skeletal isomerization of 1-butene (see later). The modification
of the parent AIPO4-31 by Si(IV) leads to a profile indicating a pronounced
increase of acidity, where two desorption peaks can be distinguished, although
poorly resolved (fig. 4b).

The acidic properties of the MnAPSO-31 samples are clearly dominated by the
Si(IV) in lattice positions. Therefore, the ammonia desorption profile of sample
MnAPSO-31/2 (fig. 4c) whose Mn content is nearly identical to that of sample
MnAPO-31 shows only minor modifications compared with SAPO-31. However,
the form of the ammonia desorption profile and hence the acid site population
seems to depend systematically on the Mn concentration (figs. 4c—4e). A higher Mn
content (sample MnAPSO-31/3) leads to a partial deterioration of Brensted acid-
ity (fig. 4¢). Naturally, the incorporation of manganese cations (and also of silicon)
in lattice positions is limited. Any excess leads unevitably to a deposition of manga-
nese species outside the lattice. It can be assumed that beyond a certain threshold
concentration these manganese species are transformed into an oxidic phase
through the calcination procedure. Additionally, this may affect the shape of the
ammonia desorption profiles. The loss of Brensted acid sites can occur by different
processes:

(i) Manganese disturbs the crystal growth during the synthesis stage and thus
renders the formation of Bregnsted sites more difficult.

(i) Nonframework manganese species neutralizes partly the acidity by some
kind of salt formation.

(iii) Manganese cations (in the form of MnOH™ or similar species) replace pro-
tons of Brensted acid sites by ion exchange.

In view of the catalytic effects an optimum manganese concentration should
exist where the reaction benefits from the tuned acidity but does not suffer from the
blockage of acid sites by excess manganese.

3.3. THE REACTION

The catalytic performance of the various molecular sieves after 6 h time on
stream are compared in table 2. Material balances were always better than 90%. A
comparison of the experimentally observed distribution of butenes with thermody-
namic values at 743 K (18.2% 1-butene, 17.0% cis-2-butene, 26.4% trans-2-butene
and 38.4% isobutene, fig. 1b) shows that all catalyst samples, with exception of the
parent AIPO4-31 structure, operate near thermodynamic equilibrium as far as the
1-butene conversion is concerned. For achieving high yields of isobutene, the iso-
merization route has to be shifted from double bond to skeletal isomerization. In
principle, the parent AIPO4-31 structure should not be able of catalyzing any
hydrocarbon reaction owing to its electroneutral composition that excludes the
existence of Brensted acid sites. However, we have shown in ref. [15] that the acid



H.-L. Zubowa et al. / AIPO4-31-based molecular sieves 77

Table2
Isomerization of 1-butene over substituted AIPQ,4-31 molecular sieves *
Molecular sieve Conversion of Selectivity of Product composition (vol%)®

1-butene (%) isobutene (%)

1- cis-2- trans-2- iso

AlPO,4-31 69.8 6.6 30.2 28.0 35.2 4.6
MnAPO-31/2 73.4 19.1 26.6 24.6 31.2 14.0
SAPO-31 73.6 26.3 26.4 22.8 28.8 19.4
MnAPSO-31/1 76.6 32.9 23.4 21.6 27.8 25.2
MnAPSO-31/2 75.4 25.7 24.6 23.6 30.2 19.4
MnAPSO-31/3 71.9 14.2 28.2 26.2 33.2 10.2

? Catalytic data at T = 743 K after 6 h time on stream. Catalyst weight 1.0 g (35 wt% molecular
sieve, 65 wt% Si0, binder), feed composition 50 vol% 1-butene, 50 vol% nitrogen, overall flow rate
1 em?s~!, WHSV =4.5h"1,

® Only the butenes are condidered. Analysis of liquid products accumulated over 6 h in the case of
SAPO-31 shows that linear and branched higher alkenes and, to a minor extent, substituted ben-
zenes are formed besides isomerization.

strength of the existing terminal POH groups is high enough to allow double bond
and, to a minor extent, skeletal isomerization of n-butenes.

A modification of the parent AIPO4-31 structure by either Mn or Si improves
the isobutene selectivity. This is attributed to the creation of Brensted acid sites via
replacement of lattice atoms. The better catalytic performance of SAPO-31 corre-
sponds to the higher concentration of acid sites and presumably to the higher acid
strength of these sites. Acid sites releasing preadsorbed ammonia at temperatures
beyond 550 K seem to be of primary importance for the skeletal isomerization. The
simultaneous presence of Mn and Si leads to a further improvement provided the
content of the former is kept around 0.3 wt% (sample MnAPSO-31/1). It cannot be
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Fig. 5. Selectivity of isobutene formation versus time on stream at 7 = 743 K.(A) MnAPSO-31/2,

(W) MnAPSO-31/1, (O) MnAPO-31/2, (0) MnAPSO-31/3, (@) SAPO-31, and (A) AIPO,-31,

low template concentration. Reaction conditions: sample weight 1 g (35 wt% molecular sieve, 65 wt%
Si0; binder), feed composition 50 vol% 1-butene, carrier gas nitrogen, overall flow rate 1 cm3 s~!.
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decided at present whether this improvement simply comes about through the
higher overall concentration of acid sites or through a cooperative effect between
the two types of centres. Evidently, higher Mn contents lead to lower isobutene
selectivities. Qualitatively, the loss of isobutene selectivity corresponds to the loss
of activity (decrease of 1-butene conversion). Obviously, acid sites of higher
strength are poisoned by coke during time on stream. From an industrial point of
view, the formation of the double bond isomers does not represent a loss of 1-
butene since the mixture of all three n-butenes can be recycled and each isomer can
actually serve as reactant. For this purpose and for comparison with published
patents the isobutene selectivity can alternatively be defined in the form:

selectivity of isobutene (%)
= 100 (isobutene) /[ (1-butene),, — (Z{n-butenes}) . ]-

These selectivity values range between 89.5% (AIPOy4-31) and 94.7% (MnAPSO-
31/1) after 6 h. This underlines that even on the parent AIPO4-31 structure the per-
centage of side reactions is rather low. Nevertheless, liquid products could be accu-
mulated over 6 h in case of SAPO-31. This product contained mainly linear and
branched higher alkenes and traces of substituted benzenes. The space-time-yield
(STY) of isobutene for the best catalyst, MnAPSO-31/1, calculated with a WHSV
of 4.5 g of 1-butene per gram of catalyst per hour yields a value of 3.2 g isobutene
per gram of molecular sieve per hour after 6 h time on stream. For comparison, a
catalyst consisting of y-Al,O3 modified with 5.6% SiO, is reported to allow a STY
of 0.25 at 765 K [9]. However, it has to be taken into account that the molecular
sieve catalysts have not yet reached their steady state activity after 6 h and that a
further decrease of the STY of isobutene can be expected. Nevertheless, it is
obvious that Mn considerably suppresses deactivation tendencies of the catalyst
samples.

4. Conclusions

(i) The formation of isobutene from 1-butene over substituted A1IPO4-31 molecu-
lar sieve catalysts proceeds with good selectivity. The catalyst performance is
improved by a simultaneous incorporation of Mn and Si into the AIPO4-31 struc-
ture.

(ii) The catalysts deactivate with time on stream where the modification with
Mn considerably improves the resistance against coking.

(iii) The best results have been achieved with molecular sieve MnAPSO-31 and
a MnO/P;,0s ratio of 0.01. The effect of varying the Si content has not yet been
investigated.

(iv) The space-time-yield of isobutene calculated after 6 h time on stream is
higher than reported for other catalyst systems under comparable conditions.
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