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Alkane conversion over Pd/SAPO molecular sieves: influence of
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Abstract

The activity and selectivity for the isomerization of heptanes over Pd-loaded SAPO molecular sieves with AEL and AFI
structure were investigated. By synthesis of the AEL molecular sieves from Al-isopropoxide, the acid site concentration could
be controlled by the amount of silicon in the synthesis gel. The resulting concentration of SiAl-OH groups ranged from 0.07
to 0.3 mmol/g, exhibiting the same acid strength, independent from the acid site concentration. Catalysts were impregnated
with 0.1-2 wt.% Pd. The activity increased with increasing Pd content up to a Pd to acid site ratio of 0.02—0.03. Above this
value, the metal loading did not influence the activity. A further enhancement of the activity was possible by increasing the
number of SiAl-OH acid sites. The selectivity to isomerization was constant for the catalysts with an acid site concentration
>0.19 mmol/g. The catalysts synthesized from Al-isopropoxide showed a lower activity compared to the catalysts synthesized
from aluminum oxide, probably due to diffusional restrictions caused by the formation of polycrystalline agglomerates.
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction mers [2,3]. The hydroconversion @kheptane over
Pd- or Pt-containing SAPO molecular sieves was
Hydroisomerization of linear alkanes over bifunc- extensively reported in the past few years [4-7]. A high
tional catalysts based on microporous molecular selectivity for isomerization to monomethyl-hexanes
sieves is a field of widespread interest in crude oil over SAPO-11 and to mono- and multibranched iso-
refining. Besides zeolites, crystalline aluminum phos- mers and a tendency to cracking over SAPO-5 was
phates can be utilized for hydroconversion reactions found [5,8].
[1]. Preferably, mono-dimensional SAPO molecular ~ The explanation of the preferential formation of
sieves loaded with a noble metal as hydrogenation terminal monobranched alkanes in 10-membered
promoter were found to be highly selective for the ring systems like the AIP@11 structure, invoked
conversion of linear alkanes into monobranched iso- pore mouth catalysis [9,10] restricted transition-state
[11-13] or product-shape selectivity [13]. These
selectivities are due to the fact that the pore dimen-
* Corresponding author. Tekt43-1-588-0115650; sions restrict the formation of bulkier intermediates,
feoc: 143-1-5688°0115699, therefore terminal branching occurs entirely at the
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cal University of Munich, Lichtenbergstr. 4, D-85747 Garching, molecules within the structure. Besides the pore struc-
Germany. ture, the crystallite size can have a crucial influence
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on the catalytic performance of hydroisomerization Table 1
catalysts [14]. Small changes in either the pore diam- Chemical and physical properties of SAPO-11 and SAPO-5 sam-

eter or the molecular size can change the diffusivity '®S

of alkanes by orders of magnitude [15]. Product (mol%) BET  SiA-OH
The hydroconversion of-alkanes over bifunctional (m*g)  (mmol/g)

catalysts is supposed to proceed via a bifunctional Al P Si

mechanism that was suggested by Weisz and Sweglersapo-11 (series A) pseudoboehmite

[16]. In the first step ther-alkane is dehydrogenated Al 61.0 36.6 2.4 174 0.19

on the metal site. The alkene is isomerized and can A2 522 449 29 184 0.23

undergop-scission on the acid site. The reaction se- A3 512 456 32 180 0.29

. . o : A4 486 487 2.7 182 0.30

lectivity towards hydroisomerization or hydrocracking

is determined by the lifetime of the intermediate car- SAPO-11 (series B) Al-isopropoxide

benium ions, which depend on the structure of these ig'; 23'471 8'8 iéi 8'83

carbonium ions, the diffusion coefficients of the reac- g3 484 494 22 200 014

tants and products, the temperature, the acid strength Ba 488 491 21 202 0.24

of the molecular sieve and the hydrogenation activity =~ B5 495 478 27 185 0.27

of the metal component. SAPO-5 456 459 85 339 0.24

In SAPO molecular sieves, various types of hy-
droxyl groups like terminal AlI-OH, Si—-OH and P—OH
and bridged SiAI-OH are present [3]. Bridged acid
sites are, in contrast to terminal hydroxyl groups, ac- the template was completely removed. The chemical
tive for hydrocarbon skeletal rearrangement [17]. composition of the calcined products was determined

The main objective of this work was to determine by EDX.
the activity and selectivity in hydroisomerization of Catalysts containing 0.1-2wt.% palladium (Pd
n-heptane and heptane isomers over two series of (NH3)4Clo-H2O) were prepared by the incipient wet-
Pd/SAPO-11, synthesized by different methods, and ness method. After impregnation, the samples were
Pd/SAPO-5. The influence of the concentration of slowly heated to 70C and finally dried at 11CC. The
acid and metal sites on the reaction mechanism wasmetal precursor was decomposed in flowing oxygen
investigated. at 450C and subsequently the metal was reduced in
hydrogen at the same temperature.

Hybrid catalysts were prepared by mechani-
cally mixing Pd-impregnated SiO and calcined
SAPO-11/A4. This catalyst was used in the manually
mixed form or compressed with 1 t/énpressure and
subsequently crushed in a mortar.

SAPO-11 and SAPO-5 molecular sieves were pre- Temperature programmed desorption (TPD) of
pared by hydrothermal synthesis, as described in the ammonia and pyridine was used to qualitatively and
patent literature [18,19]. Two series of SAPO-11 were quantitatively characterize the acidity of the molecular
synthesized, series A with pseudoboehmite (Condeasieves.

2. Experimental

2.1. Synthesis

Pural NG) and series B with aluminum isopropoxide
(Aldrich) as aluminum sources. In Table 1, the prod-
uct compositions in mole percent of the oxides are
given. AIPGy-11 was prepared according to a method
by Tapp et al. [20]. The template was triethylamine for
AFI structure and di-propylamine (Fluka) for AEL
structure materials.

After washing with distilled water and drying at
110°C, the samples were calcined in air at 66Qntil

The infrared (IR) spectra were recorded on a Bruker
IFS28 Fourier transform IR-spectrometer with a res-
olution of 4cnt! equipped with an MCT-detector.
Samples of 8—-15 mg were pressed into self-supporting
disks with a diameter of 2cm. The adsorption of
benzene was carried out in a pressure range of
10~4-1mbar at 40 and 15C, respectively. Spectra
were recorded every 30s to observe the approach to
the adsorption equilibrium.
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The Pd dispersion was determined from a hydro- as Brgnsted acid sites, correlated with the Si incor-
gen adsorption isotherm measured in a volumetric ad- porated in the SAPO lattice. However, the number
sorption apparatus following a method suggested by of bridged acid sites was below the theoretical value,
Benson et al. [21]. when each Si atom generated a negative charge on the

The morphology and the particle size of the materi- SAPO lattice (Fig. 1B). HSAPO-5 molecular sieves
als were estimated from scanning electron microscope with various Si concentrations were synthesized by
(SEM) measurements. Masukawa et al. [22]. They found an agreement of the

The hydroconversion experiments were carried out acid site concentration and the theoretical value cal-
in a quartz glass downstream plug flow reactor with culated from the Si atomic ratio below 0.02, assuming
4mm inner diameter. The reactor was filled with that every Si atom leads to the formation of one acid
5-30 mg catalysts, diluted with the equal amount of site (SM2). In contrast to these results, even at low Si
quartz sand to stabilize the flow conditions. Prior to contents a part of the silicon was incorporated into the
the reaction, the samples were activated in oxygen at framework of SAPO-11 via SM3 [23]. The observed
450°C for 1h and reduced in hydrogen for another concentration of strong acid sites was therefore lower
hour at the same temperature. Heptane (25 mbar)than the calculated value for all samples (Fig. 1B).
was added via a saturator to the hydrogen reaction For the composition of the series A materials, no
gas stream. The reaction conditions were 3 bar total correspondence with the gel composition was ob-
pressure, H/C7 = 120 and temperature 300. The served. However, SAPO molecular sieves with differ-
reaction products were analyzed with an HP 5980 Il ent densities of bridged SiAlI-OH Brgnsted acid sites
gas chromatograph equipped with a flame ionization were obtained (Table 1).
detector. For the SAPO-11 (series A) an inhomogeneous

particle size distribution was found (Fig. 2a). The

crystals were in the shape of prisms and plates with
3. Results and discussion a diameter between 1 andubn, but did not exhibit

larger agglomerates or oligocrystalline intergrowth.

Using Al-isopropoxide (series B), the silicon con- In contrast, SAPO-11 (series B) exhibited polycrys-
tent of the SAPO-11 depended on the amount okSiO talline spheres with a diameter of 1026 which
used in the synthesis gel (see Fig. 1A). Furthermore, consisted of prisms and needles with a length of
the number of bridged SiAl-OH groups that can act 2-5um (Fig. 2b).
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Fig. 1. (A) Dependence of the Si content of the calcined SAPO-11 (EDX) on the Si molar ratio in the synthesis gel (series B). (B)
Incorporated Si versus number of strong acid sites (bridged SiAl-OH groups); the dashed line indicates the value of acid sites calculated

from the Si content.
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Fig. 2. Scanning electron micrographs: (a) SAPO-11 (series A); (b) SAPO-11 (series B).

3.1. Acid and metal sites on SAPO-11 and SAPO-5 ®

(A)
0.003 |0.01
The desorption profiles of ammonia on SAPO _ | _ F-oH
molecular sieves showed two maxima. The first max- % \ H %
imum around 110C was assigned to weakly bound g ﬁ’——\ g @
i i g g | ® A//
ammonia and the second maximum at ZDOfor £lo | Tz £
SAPO-5 and 225C for SAPO-11 was due to am- £ [o | N 2| 2
. . < P < _'(,‘:\),‘4
monia desorbed from bridged hydroxyl groups [24]. © |~ x| (@A
The third peak around 16Q was added to the fit T saron L) A
in order to take account of the ammonia desorp-
tion from terminal P—-OH groups, as observed by 3800 3600 3400 3200 3000 3800 3600 3400 3200 3000
NH3-TPD from AIPQs-11 [25]. The number of acid Wavenumber [em] Wavenumber [em™]

sitess_ determined by pyridine and NHPD was es- _ Fig. 3. IR-difference spectra of SAPO-11, series B after adsorp-
sentially the same. Furthermore, no change of the acid tion of 10-3 mbar (A) and 1 mbar (B) benzene: (a) SAPO-11/B5,

site density was observed after impregnation with (b) SAPO-11/B4, (c) SAPO-11/B3, (d) SAPO-11/B2, (e)
Pd. SAPO-11/B1.

The IR-spectra of SAPO-5 and SAPO-11 showed
five bands in the OH stretching vibration do- was 280cm?, and that of the P—-OH groups about
main: Al-OH bands at 3800cm, Si-OH bands  220cnT?.
at 3745cnt!, P-OH bands at 3676 cm, bridged The dispersion of palladium on the different
SiAI-OH bands (Brgnsted acid sites) at 3628¢m SAPO-11 samples and on SAPO-5 at a metal load-
and a broad band at 3530ch which can be as- ing of 1% or higher was always below 10%, while
signed to bridged OH groups interacting with the for the samples with 0.1wt.% Pd on SAPO-11, the
oxygen atoms of the framework [3]. dispersion was between 30 and 40% (Fig. 4). For

The interaction of benzene as weak base with dispersion below 10%, the metal particles must be
Brgnsted acid sites leads to a shift of the OH fre- mainly located on the outer surface of the aluminum
guency to lower wavenumbers [26]. The extend of phosphate grains. Calculating the metal/acid site ratio
the shift depends on the strength of the interaction for the different SAPO-11 samples, it was found that
and thus corresponds to the acid strength of the hy- above a ratio of 0.02-0.03, the metal concentration
droxyl groups [27]. The red shift of the OH stretching had no influence on the-heptane conversion rate.
vibrations was about 310cm, independent of the  Therefore, a metal loading of 1wt.% Pd is necessary
acid site concentration, on the SAPO-11 series B to provide sufficient metal sites for the rapid paraf-
(see Fig. 3) as well as on series A molecular sieves. fin dehydrogenation and the hydrogenation of the
The shift of the bridged OH groups of SAPO-5 products.



M. Hochtl et al./Catalysis Today 65 (2001) 171-177 175

50 The isomerization selectivity increased with in-
e  PUSAPO-1VAL cr_easing ac_:id s_ite densi_ty and reached 95% for samples
40 with an acid site density above 0.15mmol/g. Below
- v PA/SAPO-1V/A2 0.15 mmol/g acid site density the isomerization selec-
R L
= tivity was between 700 and 90%. Only small amounts
g 30 of 2,3- and 2,4-dimethyl-pentane~{%) were de-
g tected over the Pd/SAPO-11 samples. The absence
g 20 of 2,2- and 3,3-dimethyl-pentane in the product dis-
n—é tribution confirms that those molecules are excluded
10 from the pores of SAPO-11. Over SAPO-5 addition-
ally these isomers and 3-ethylpentane were found.
The activity of 2- and 3-methylhexane was higher
000 0'5 1'0 1'5 2'0 than that ofn-heptane over both molecular sieves.

Fig. 4. Dependence of the Pd-dispersion on the Pd-loading.

Palladium loading [wt%]

3.2. Heptane conversion

In Fig. 5, the activity of then-heptane and
2,3-dimethyl-pentane conversion at 3G0as a func-
tion of the number of Brgnsted acid sites of the
investigated Pd/SAPO-11 samples are shown. The
conversion rate over Pd-loaded AlRQ1, a catalyst
containing no strong acid sites, was inserted. The to-
tal rate of the heptane conversion increased slightly
below 0.1 mmol/g acid, whereas in the range between
0.1 and 0.3 mmol/g, a steep increase was observe

The main reaction path of the monobranched isomers
(Fig. 6) was isomerization via a methyl shift. Fur-
thermore,n-heptane over SAPO-11 and dibranched
isomers over SAPO-5 were found as products. Even
for the conversion of 2,3-dimethyl-pentane, a correla-
tion between the activity and the number of Brgnsted
acid sites was confirmed for SAPO-11. But the steric
constraints of the pores led to a much lower activity
for the 2,3-dimethyl-pentane conversion compared to
SAPO-5. However, the dependence of the activity on
the number of acid sites and the high selectivity to
n-heptane suggested that the reaction occurred inside
the pores of SAPO-11 (Fig. 5). The results presented
are in agreement with Maesen et al. [28], who found
that mono methyl-alkanes and dimethyl-alkanes with

d methyl groups in vicinal positions are able to enter

the pores of AEL molecular sieves.
The non-linear dependency of the activity on the
number of SIAI-OH sites could be explained by the

%7 v SAPO-11(A) different substitution of Si in the AlIP©Omolecular
® SAPO-11(B) sieves. Masukawa et al. [22,29] investigaterlylene
4e71 = AIPOL1I isomerization over a series of HSAPO-5 molecular
—.:) sieves. They found a low activity of their catalysts
=, 3e7 with a concentration of strong acid sites less than
3 0.2mmol/g and a steep increase for catalysts with a
% 6.7 higher number of acid sites. They concluded that at
5 low Si contents, Si is substituted for single P atoms
by SM2. These Si/AlI-OH groups exhibited a lower
le-7 acid strength and activity than SiAI-OH groups in
2.3-DMC5 SiAlO4-domains, formed at higher Si concentrations.
0 Although it was shown by benzene adsorption that
0.0 0.1 0.2 0.3

the acid strength of all SAPO molecular sieves is ap-

SiAI-OH site densit v ) ) .
' site density [mmol/g] proximately in the same range, there could be minor

Fig. 5. Dependence of theC7 and the 2,3-DMC5 conversion on  differences that cannot be distinguished by the method
the acid site density. applied. However, it is also possible that a part of
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Fig. 6. Rate and selectivity of the reaction of different heptane isomers over 1wt.% Pd/SAPO-11.

the acid sites in the low silicon samples (SAPO-11/ bled the activity of the impregnated Pd/SAPO-11 cat-
B1-B3) is not accessible for molecules larger than alyst, while the isomerization selectivity was slightly
ammonia. TPD of pyridine and adsorption of benzene lower. When the acid and metal sites were complete
and hydrocarbons followed by IR spectroscopy on separated by dividing the catalyst into two layers (D)
these materials show an incomplete coverage of the the synergetic effects of the bifunctional behavior dis-
SiAI-OH groups. In contrast, on SAPOs with high sil- appeared. The product distribution was similar to that
ica content, a complete accessibility of the SIAI-OH over Pd/SiQ (E). Additionally, the results for the
groups for the later probe molecules was detected. n-heptane conversion over Pd/AIRQ1(F) are given.

To investigate the influence of the distance between Assuming that the first step of the hydroisomerization
metal and acid sites, Pd-impregnated silica was me- reaction is the dehydrogenation of the linear alkanes,
chanically mixed with SAPO-11/A2 and used as par- these experiments verified that unsaturated intermedi-
ent mixture and in compressed form. In Fig. 7, those ates exist, which are able to migrate between the metal
catalysts (B and C) are compared to Pd impregnated and the acid sites, where subsequently the isomeriza-
on SAPO-11 (A). The hybrid catalyst closely resem- tion reactions occur.

Se-7
100 - —— C7 Isomeres
] M == CI1-C6 de-7
20 — m cyclic C7 s —
—_ —&— rate —'co
&, 367w
260 =)
i L)
E — 2e-7 &
3‘3 40 &‘
20 le-7
0 0

A B C D E F

Fig. 7. Selectivity and activity of differently prepared 1wt.% Pd/SAPO-11.
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4. Conclusions

The Si molar fraction of the SAPO-11 molecular
sieves can be controlled by the silicon content of the
synthesis gel, provided that aluminum isopropox-
ide is used as aluminum source. In this case, the
SiAI-OH concentration is proportional to the Si
concentration.

Pd-loaded SAPO-11 are highly selective catalysts
for the hydroisomerization of normal alkanes. The
activity of the catalysts depends strongly on the
acidity of the molecular sieves.

The acid strength of bridged SiAl-OH groups does
not change with the acid site concentration.

The ideal Pd to SiAl-OH ratio was 0.02—0.03. A
further enhancement of either the selectivity or the
activity by increasing the metal content is not pos-
sible.

SAPO-11-Pd/Si@ hybrid catalysts exhibit almost
the same activity and selectivity as the impregnated
SAPO-11 materials.

The synergism between metal and acid sites of a bi-
functional catalyst is independent of their distance,
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