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Abstract

SAPO-5 with a high Si content have been synthesized by using dipropylamine (DPA) as a template in ethylene glycol (EG) (molar ratio
of silica in the reaction gels up to 2.4). Crystallinity and silicon incorporation was confirmed by XRD, XR$or§tion measurement,
TG-DTA, SEM, pyridine-TPD and’Al, 2°Si MAS-NMR. These SAPO-5 materials with high Si concentrations show higher activity for
toluene alkylation reaction than samples prepared from the gel with up to 0.6 molar ratio of silica.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and novel structure directing templaf@$]. Gradual trans-
port of Si from the solution phase to the growing crystalline
Silicoaluminophosphate molecular sied$ have con- phase and better depolymerization of Si species in the gel

siderable potential for industrial acidic catalygs4]. They solution could be important for incorporating more Si in the
have been found to be effective malkane isomerization, = SAPO structurd8,17]. We have shown that it is possible
p-xylene production, olefin oligomerization and isomeriza- to synthesize highly crystalline SAPO-5 materials with sil-
tion, conversion of methanol to light olefins and alkylation ica molar ratio of up to 0.8 in the initial gel using dipropy-
of aromatic§2—4]. For acid catalyzed reactions, it is advan- lamine (DPA) as a template and gradual heating the initial
tageous to synthesise SAPOs with a high silicon content to gel [7]. Non-aqueous media have been found to slow down
increase the number of acidic sites which are located boththe transport of silicon during crystallization as well as fa-
on dispersed silicon speci¢s] and at the edge of silicon voring depolymerization of Si due to high pH of the gel
islands[6]. However, due to poor crystallinity, and forma- which in turn affects the dispersion of silicon in the solid
tion of large siliceous islands at high Si concentration in SAPOs[8]. Similar improvement in Mn incorporation in
the gel, the silicon content in the SAPOs is limifgd8]. It the MnAPO-11 structure is observed during the synthesis in
is advantageous therefore to look for synthesis proceduresethylene glycol (EGJ]18].
that allow the synthesis of highly siliceous SAPOs from a  Here we report the synthesis of siliceous SAPO-5 by
gel containing high concentration of sili¢@]. Insufficient broadening the Si® concentration in the synthesis gel
and non-specific incorporation of Si in the AlR@ttice and (Sigel), using the DPA as the organic template, and EG as
poor crystallinity of the SAPOf-11] are major problems  the synthesis medium. Slow heating of the synthesis gel
faced during the synthesis of SAPOs. to the crystallization temperature was used to obtain high
Numerous efforts have been made in the past to over-crystallinity.
come these problenj$2—-14]through modifications in syn-

thesis methods, such as the use of biphasic mediilbh 2. Experimental

- _ , Aluminium isopropoxide (98%, Aldrich), orthophospho-
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Crystalline SAPO-5 materials were prepared by using
non-aqueous solvent, EG, from gels with molar composi-
tion Al203: P,Os: (0.4-2.4) SiQ: 5 DPA: 60 EG (gel pH
6.8—7.3). In a typical procedure for the non-aqueous synthe-
sis, 11.6 g of aluminium isopropoxide (98%, Aldrich) was
added slowly to 109.7 g of EG under stirring and the mix-

ture was stirred further for 1 h. DPA, 14.2 g (99%, Aldrich), | J

was added dropwise to the stirred mixture which was fur- LLU

ther stirred for 0.5h. Then, 11.5¢g of orthophosphoric acid J LJLL
was added dropwise and stirring was continued for another 5 15 23 3
0.5h. Finally, 0.34g of fumed silica (Cabosil) was added 20

and the final mixture was stirred for 2 h to obtain a homoge- Fig. 1. XRD pattern of calcined, high Si content SAPO-5, synthesized

neous gel. The gel was charged into an autoclave (150 ml)from gel with Spe = 2.0.

and heated at 1.5K/min to 433K and then at 0.5 K/min to

473 K WIthOUt agitation. The final temperatqre (473 K) was of Si |Oading in the Starting gel (&l) was taken as the ref-

maintained for 48 h to complete the crystallization. The au- grence for the calculation of the percentage of crystallinity.

toclave was then quenched and the products were filtered 11,0 X-ray diffractogram of a high silica content sample

washed with distilled water, dried at 383K and finally cal- (Sigel = 2.0) is shown inFig. 1 The absence of any extra-

cined at 793K in air for 8h. neous diffraction lines from those reported previoudly]
X-ray powder diffraction (XRD) patterns were recorded ,nq 5 pase line free of background indicate the high purity

on a Rigaku D/MAX-rb diffractometer employing Ni-filtered 4 crystallinity of the prepared sampl@able 1shows the

Cu Ka radiation ¢ = 1.5404 A). The relative crystallinities it el composition and XRD crystallinity (%) of calcined
(%) of the samples synthesized by different methods was gapo.5 samples. The unit cell composition was calculated

obtained by summing the areas of six major diffraction o0 XRF analysis, and confirms the silicon content in the
peaks in the 2region from 5 to 43. Solid-state MAS-NMR  5i6ined samples s in the range 0.11-0.53, from the gels

spetzzgt)rq were recorded on a Bruker MSL-300 Spectrome- it si molar ratios (Sjel) varying in the range 0.4-2.4. Gels
ter. ©“Si MAS-NMR spectra were measured at a spinning it Sigel, 2.6 and higher, resulted in less crystalline sam-
rate of 2.3kHz, spectral width of 20 kHz, pulse length of ples. All SAPO-5 preparations with i up to 2.4 showed a

2ms, delay of 2s and spectrometer frequency of 59.6 MHZ, g, degree of crystallinity and high pore volumes (based on
tetramethylsilane (TMS) was used as the external standardy, ,-sorption capacity) of 0.10-0.15 ml/g with surface areas

2’Al MAS-NMR spectra were measured at a spectral width 140180 g~ lafter calcination, indicating good thermal
of 125kHz, pulse length of 1ms, delay of 5003'“? and geapility. It seems that the incorporation of Si in the AFI
spectrometer frequency of 78.2MHz using($0)g" in framework increases its thermal stability.

a nitric acid solution of AI(NQ)3 as the external standard. TG-DTA analysis demonstrated that the sample with a
The size and morphology of the samples were examined by|quer Si content (Skl = 0.6) showed a weight loss of
scanning electron microscopy (Leica Stereoscan 440). Theg 7\t % in the temperature range 733-853 K while the sam-

surface areas were determined by the BET method usingpe yith higher Si content (§d1 = 2.0) showed a weight loss
a Micromeritics ASAP 2010 instrument. Chemical compo-

sitions were determined by XRF analysis. The acidities of
the samples were determined by temperature-programmedrable 1
desorption of pyridine using the reported procec{tl@i Si concentration in gel, composition and crystallinity of SAPO-5 samples

Alkylation of toluene was carried out in a fixed-bed, Sig Unit cell XRD Surface area
down-flow, tubular glass reactor under atmospheric pres- (moleratio)  compositiot COWSta”'“'t)P (m*g™)
sure using 2.0 g of catalyst (10—20 mesh). The catalyst was _ (%)
activated at 823K in air and flushed irp Mefore each run. 94 (2:0-50g0-39§!0-11)82 1%3-5 1‘7%

. . . I

The reactants were fed at a weight hourly space velocity g ( AI°-47P°‘313.°-22) 2
—1 : . (Alo.43P0.32Si0.25) O2 98.7 169
(WHSV) of 3h™*. The products of the reaction were ana- 1 (Alo 42P0.20Si0.29)O2 91.3 ND
lyzed by a gas chromatograph (Shimadzu; Bentone column,1.2 (Alo.38P0.30S10.32)O2 98.2 165
FID detector). 1.4 (Alp.40P0.27Si0.33)O2 97.1 159
16 (Alo.35P0.28Si0.37) 02 98.3 ND
1.8 (Alo.34P0.25Si0.41) 02 94.7 ND
. . 2.0 (Al 30P0.24Si0.46)O2 97.8 163
3. Results and discussions 22 (Alg.27P0.24Si0.49) O2 96.0 153
24 (Al.24P0.25Si0.51)O2 93.3 ND

All SAPO-5 samples showed X-ray diffraction patterns — By XRF analysis for calcined sample.

corresponding to that of the AFI topology reported previ- b gased on most intense XRD peak taking samplg St 0.6 as the
ously [20]. The most crystalline sample with 0.6 mol ratio reference.
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Fig. 2. SEM image of the calcined SAPO-5, synthesized from gel with

Sigel = 2.0 (scale bar= 10pum).
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Fig. 3.27Al MAS-NMR spectra of calcined SAPO-5: (a) from gel with

Siger = 0.6; (b) from gel with Sje| =

100
PPM
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from synthesis gel with i = 0.6 (Fig. 29 and Siei = 2.0

(Fig. 4b. Two peaks a6 —91.6 Fig. 49 or § —92.5 Fig.

4b) and ats —109.3 fig. 49 or § —105.0 Fig. 4b indi-
cates the presence of multiple Si environments in the sam-
ples. Resonance peak arouhd 90 is generally assigned to
Si(4Al) type isolated silicon species, peaks around 110 are
assigned to Si(OAl) type silicon species present in silica is-
lands, while peaks arourdd-95,—98,—104 are assigned to
Si(1Al), Si(2Al) and Si(3Al) type of silicon specid1,22],
respectively?°Si MAS-NMR spectra for the samples with
high and low Si contents indicates that both samples con-
tain Si atoms present as isolated species as well as in silica
islands. Broad nature of spectrum is also indicative of the
presence of Si species at the edge of Si islands and coordi-
nated with different number of Al atoms (1Al, 2Al, 3Al) in
these samples.

The total acidities of the samples measured by tempera-
ture programmed desorption of pyridine showed that acidity
in terms of amount of pyridine desorbed (per gram of cata-
lyst) beyond 573K was 13Zmolg™! (23% of ideal value
based on elemental analysis) and 14&olg! (11% of
ideal value based on elemental analysis), respectively, for
the samples with Gk = 0.6 and Sje = 2.0, indicating
higher acidities in samples with higher Si contents.

Alkylation of toluene with methanol produces, primar-
ily, a mixture of xylenes, the distribution of which in the
product largely depends on the characteristics of the cata-

of 6.9% in the temperature range 763—-893K. The averagelyst. Side reactions may also take place, beside alkylation,
total loss in the higher temperature range which is attributed "amely, disproportionation and/or transalkylation. Besides,
to the decomposition/combustion of DPA was higher for the trimethylbenzenes (TMBs) are also formed. Results of the

higher Si content sample (@j = 2.0) than the loss from
samples with a lower Si content ¢gi=
graphs Fig. 2) show the size and morphology of the cal-
cined sample with Gk = 2.0. All particles were uniform

0.6). SEM micro-

acid catalyzed toluene alkylation reaction using methanol
over the catalysts with a low Si content ¢§i= 0.6) and a
high Si content (S = 2.0) at different reaction tempera-
tures (623, 648 K) are shown ifable 2 It is observed that

with hexagonal and/or elongated shape, having an averagéhetoluene conversion is much higher over SAPO-5 samples

diameter of around 5-20m.

with a higher Si content which can be attributed to its higher

277l MAS NMR spectral analysis of the SAPO-5 samples  acidity as determined by pyridine-TPD. The samples with a

from synthesis gel witligg = 0.6 (Fig. 39 and Sje| =
2.0 (Fig. 3b show |dent|cal spectra with a unique signal

higher Si content show the formation of higher amounts of
total xylenes along with the TMBs. The toluene conversion

minum.2%Si MAS-NMR spectral analysig{g. 4) was used

ples There is no observed difference in shape-selectivity

to analyze the local ordering of silicon in SAPO-5 samples Petween these catalysts as tpexyleneb-xylene ratios

(@) (b)

.
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Fig. 4.29Si MAS-NMR spectra of calcined SAPO-5: (a) from gel with
Sige; = 0.6; (b) from gel with Sjei = 2.0.
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are 0.6 and 0.7, respectively, for high and low Si content

Table 2
Toluene alkylation over SAPO-5 samples (time on strear®h; WHSV
= 3h1, toluene:methanok 1:1(mole))

SAPO-5(Si= 0.6)

SAPO-5(Si= 2.0)

623K 648K 623K 648 K
Conversion (%) 22.31 25.95 36.43 42.38
Product distribution (wt.%)
Benzene 0.83 0.95 1.26 171
Total xylenes 16.26 18.46 27.69 32.06
T™MB? 5.22 6.54 7.48 8.61

a Total trimethylbenzenes.
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