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Comparative Evaluation of the Catalytic Properties of SAPO-31
and ZSM-48 for the Hydroisomerization

of N-Octane: Effect of the Acidity
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The hydroconversion of n-octane, 2-methylheptane, and 2,2,4-
trimethylpentane over Pt–Pd/SAPO-31 and Pt–Pd/ZSM-48 at
523 K and atmospheric pressure was studied. The acid SAPO-31
and ZSM-48 supports were synthesized by hydrothermal proce-
dures and characterized by X ray, scanning electron microscopy,
and MAS-NMR. Infrared spectra of adsorbed pyridine showed that
these molecular sieves differ in their acidity not by the number
of acid sites but by their strength. The bifunctional catalysts Pt–
Pd/SAPO-31 and Pt–Pd/ZSM-48 were highly selective for the hy-
droisomerization of n-octane. Monomethyl isomers were the major
products. These narrow tubular molecular sieves favored the for-
mation of terminal methyl isomers 2MeC7 and 2,5DMe-C6. Acid
strength has almost no effect on the hydroisomerization selectivity,
but high acid strength led to a higher reaction rate. Isomerization
of 2-methylheptane into 3MeC7 by 1,2-methyl shift or into n-C8 by
PCP intermediate discriminates molecular sieves having channels
of different diameters, the smaller the dimensions of the pores the
lower the ratio of 3MeC7/n-C8. c© 1999 Academic Press
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INTRODUCTION

The skeletal isomerization of linear alkanes over bi-
functional catalysts is accompanied by the formation of
multibranched isomers which undergo facile fragmentation
through favorable β-scission pathways. As a consequence,
over classical bifunctional catalysts the isomerization yield
never reaches high values. Recently it has been shown that
bifunctional catalysts, containing a noble metal, Pd or Pt,
on a medium-pore molecular sieve, such as SAPO-11 (1)
and ZSM-22 (2), have high selectivity for long-chain alkane
hydroisomerization. A new process for lowering the pour
point of high wax feeds has been developed (3). SAPO-
11 and ZSM-22 contain parallel, elliptical, 10-membered
rings, nonintersecting tubular pores with cross section di-
ameters of 0.39× 0.63 and 0.45× 0.55 nm, respectively. The
peculiar topology of SAPO-11 and ZSM-22 is responsi-
ble for the observed high hydroisomerization selectivity.
1 To whom correspondence should be addressed.
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Transition state shape selectivity has been invoked to ex-
plain such high selectivity for hydroisomerization (1–6).
According to the classical mechanism for skeletal isomer-
ization, substituted corner protonated cyclopropyl carbo-
nium intermediates are formed at the pore mouths (4–6)
of the molecular sieves. In the branching reaction, partic-
ularly in the monobranching step, it was argued that only
part of the molecule penetrates the micropore (5, 6). How-
ever, other authors provided evidence that monobranch-
ing through protonated cyclopropane intermediates (PCP)
followed by ring opening occurred inside the pore at the
pore mouth and a short distance from the grain surface
(4, 7). All of these works have essentially put emphasis
on the topology of the molecular sieves, with little consid-
eration of the acidity parameter. In (1) it was concluded
that the one-dimensional nature of the pores in SAPO-11,
the narrow sizes, and the moderate acid activity contribute
to the excellent performance in branching reactions.

Silicoaluminophosphates (SAPO) generally have a lower
acidity than zeolites (8). Comparison of the behavior of bi-
functional catalysts based on a SAPO molecular sieve to
that of catalysts based on zeolite would permit an approach
to the role of the acidity in the hydroisomerization reaction,
provided that the SAPO and the zeolite have identical pore
topology and dimension. SAPO-31 has the ATO structure
type with nonintersecting 12-membered ring channels with
a cross section of 0.54 nm (9). The framework topology of
ZSM-48 contains 10-membered ring, non-interpenetrating
linear channels whose dimensions are 0.53× 0.56 nm (10).
These two molecular sieves are particularly suitable for
investigating the effect of the support acidity of medium
tubular pore molecular sieves on the hydroisomerization
of alkanes.

EXPERIMENTAL

Materials

SAPO-31 was synthesized hydrothermally according to
the established procedure. Pseudo-boehmite (catapal B
5
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vista) was added to a solution containing phosphoric acid
(85%) under vigorous strirring for 3 h. To this mixture, the
template di-n-propylamine, the source of silicon, tetraethy-
lorthosilicate in hexanol, and a surfactant, dodecylamine,
were added under stirring. The microemulsion thus ob-
tained was poured into a Teflon container which was put in
an autoclave. The gel mixture in the autoclave was contin-
uously stirred while the whole system was heated to 473 K.
The crystallization time was 48 h. The white solid crystalline
product recovered by centrifugation was carefully washed
with distilled water, dried at 393 K for 3 h, and then cal-
cined at 873 K for 5 h to remove all organic compounds.
The hydrogel had the following molar composition:

0.83 Al2O3; 1 P2O5; 0.5 SiO2; 1 Pr2NH; 0.14 (CH3)2NH2,

4.4 hexanol; 40 H2O.

The synthesis of ZSM-48 was as follows. Fumed silica was
added to an aqueous solution of NaOH (Merck) (90 wt%
H2O of total amount of H2O used for the synthesis) under
vigorous stirring. To this solution, pyrrolidine (Fluka) as
the template, Al(NO3)3, 9H2O (Merck) dissolved in H2SO4

(98%), and H2O (remaining 10%) were added. The hydro-
gel was stirred for 3 h at room temperature, transferred into
a Teflon flask, and then put in the autoclave heated at 453 K.
The crystallization was carried out for 48 h under stirring
conditions. The white powder was recovered by centrifuga-
tion, washed with distilled water, dried at 393 K, and finally
calcined at 823 K under oxygen for 10 h. H-form ZSM-48
was obtained by NH+4 ion exchange followed by calcina-
tion at 773 K for 3 h. The hydrogel had the following molar
composition: 0.5 Al2O3; 110 SiO2; 43 NaOH; 20 H2SO4; 50
pyrrolidine, 5000 H2O.

Bifunctional catalysts were obtained by impregnating
SAPO-31 and H-ZSM-48 successively with Pt and Pd solu-
tions, to obtain metal loadings on each sample of 0.6 wt%
Pt and 1.2 wt% Pd. The metal-loaded samples were cal-
cined under oxygen at 673 K prior to reduction and finally
reduced under H2 at 773 K.

Characterization

X-ray diffraction patterns were recorded on a Philips PW
1050 diffractometer using CuKα radiation.

Scanning electron micrographs were obtained on a
Hitachi S800 scanning electron microscope.

The 27Al, 29Si, and 31P MAS-NMR spectra were recorded
on a Brucker DSX 400 spectrometer. Chemical shifts were
measured relative to 85% aq H3PO4 for 31P, Al(NO3)3 for
27Al, and tetramethylsilane for 29Si. 27Al NMR spectra
were obtained using a pulse length of 1 µs and a recycle
delay of 1s.
The Al and P contents of the samples were determined
by atomic adsorption spectroscopy after dissolution of the
solid. The Si content was calculated by difference. The
AU ET AL.

chemical composition of SAPO-31 powder was (in wt%):
20.7 Al, 23.4 P, 2.3 Si, and Si/Al= 116 for ZSM-48. Infrared
spectra were recorded on a Brucker FT spectrometer. The
powder was pressed into thin wafers, which were activated
under vacuum in a special cell. The cell allowed in situ in-
frared measurements under controlled atmosphere.

Catalytic Measurements

The catalytic reactions were carried out using a quartz
tubular flow microreactor. All experiments were done at
523 K and 1 bar. The catalysts (100–200 mg) were activated
in a pure hydrogen stream at 773 K in the reactor. The
weight hourly space velocity (WHSV) was varied by chang-
ing the flow rate of the feed. WHSV was varied in the range
0.02–22 h−1. The feed and the products were analyzed on-
line using a gas chromatograph fitted with a flame ionization
detector. The chromatographs were equipped with a Pona
capillary column (Altech France) for C8 alkanes and with
an Unibead 3S column (Altech, France) for analyzing the
cracked products. The relative rates of reaction are given
by the quantity α×WHSV, where α is the conversion of the
alkane in wt% and WHSV is the space velocity in h−1. These
relative reaction rates were determined at low conversion,
generally less than 10%. The feeds (Aldrich), n-octane
(n-C8), 2-methylheptane (2MeC7), and 2,2,4-trimethylpen-
tane (2,2,4TMP), were used without further purification.

RESULTS AND DISCUSSION

Characterization

SAPO-31. Figure 1a shows the X-ray diffraction pat-
tern of the silicoaluminophosphate material. It is identical
to the powder pattern of conventionally synthesized SAPO-
31 (9) except for the presence of an extra peak due to a
crystobalite impurity (2θ = 22◦).

The 27Al and 31P MAS-NMR spectra of the silicoalu-
minophosphate sample, not shown in this paper, contained
sharp resonances near 36 ppm for 27Al and −29 ppm for
31P. These chemical shifts are typical for aluminophosphate
molecular sieves (8, 9, 11) and confirm the tetrahedral crys-
tallographic positions of aluminum and phosphorous with
a strict alternation of Al and P atoms at T positions of the
SAPO framework.

Figure 2 shows the 29Si MAS-NMR spectrum of the
SAPO sample under study. Silicon incorporation in the
framework is derived from the examination of the spec-
trum which has been deconvoluted into at least three major
resonance peaks at−110,−103, and−95 ppm and possibly
another peak at −116 ppm.

The peak with maxima around −95 ppm has been

ascribed to silicon atoms incorporated in the aluminophos-
phate framework on phosphorous T sites, each silicon
atom in the framework being bonded via oxygen to four
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FIG. 1. (a) X-ray powder pattern of SAP

aluminum atoms (12, 13). Each silicon atom incorporated
in this way causes a Brønsted acid site. The second peak
at −110 ppm represents silicon atoms bonded via oxygen
to four silicon atoms. This signal has been attributed
ich islands in the silicoaluminophosphate
n two Si atoms replace simultaneously one
n T sites or to silicon in silica by products
-31. (b) X-ray powder pattern of ZSM-48.

(13–15). From the deconvolution and the integration of the
peaks at −110 and −116 ppm it is estimated that around
50% of the silicon atoms are located in a pure silica domain
where no Brønsted acidity is generated. The peak at

−95 ppm corresponds to approximatively 20% of the total
silicon atoms. The signal at−103 ppm has been observed on
Si-rich SAPO-37 and possibly attributed to Si (1 Al, 3 Si) in
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FIG. 2. Experimental and deconvoluted 29Si MAS-NMR spectra of
SAPO-31.

a silica-alumina intergrowth domain or at the interface of
the silica and the AlPO domains (12). However, 27Al MAS-
NMR studies have never revealed a peak around 60 ppm
as observed for pure aluminosilicate molecular sieves
(zeolites).

The X-ray diffraction and MAS-NMR studies of the sili-
coaluminophosphate sample clearly demonstrate that well-
crystallized SAPO-31 material has been synthesized; how-
ever, in this silicon-rich SAPO-31 sample only a fraction of
the Si atoms were in the SAPO domain Si (4Al).

A scanning electron micrograph of SAPO-31 is shown in
Fig. 3a. Shaped crystals are distinguished. The crystals are
thin with more or less eroded edges. The length of these
sheet-like crystals is in the range 1–2 µm.

ZSM-48. The aluminosilicate, silica-rich material, syn-
thesized in this work presents the X-ray powder pattern
shown in Fig. 1b. All observed X-ray powder lines are con-
sistent with the X-ray powder pattern of ZSM-48 free from
impurities (10), but with different relative peak intensities.

A scanning electron micrograph of the synthesized ZSM-
48 crystal is shown in Fig. 3b. Fibrous rods or needles with
a length of about 0.75 µm and a diameter of 0.07 µm were
formed as compared to the fibrous rods of ZSM-48 with a di-
ameter of about 1µm and a length of 4–5µm found in (16).
The 27Al MAS-NMR spectrum of the calcined sample
displays a peak at 50–60 ppm, which corresponds to frame-
work aluminum. No peak at 0 ppm is observed, which in-
AU ET AL.

dicates the absence of nonframework aluminum on this
silicon-rich ZSM-48 (Fig. 4).

Brønsted acidity of SAPO-31 compared to the acidity
of ZSM-48. Figure 5a shows the IR spectra of SAPO-31
which has been outgassed at 673 K before and after pyridine
adsorption. In the region of the OH stretching vibrations,
an hydroxyl IR band at about 3620 cm−1 is observed. The
OH responsible for this band could be present in the SAPO
domain, at the boundary between the silica and the SAPO
domains, or in the SA domain (17).

The band at 3620 cm−1 was broad and had a low inten-
sity. In addition to this IR band, two additional IR bands
were observed, an intense one at 3675 cm−1 attributed to
P–OH groups and one at 3740 cm−1 with low intensity as-
signed either to Al–OH or to Si–OH groups on the grain
surface. In conclusion, in the SAPO-31 under study silicon
substituted for phosphorous in the framework generated
SiO(H)Al groups comparable to those existing in zeolites
when the bridging character of hydroxyls is considered. In
agreement with the 29Si MAS-NMR results, the concentra-
tion of these Brønsted sites is low as jugded from the low
intensity of the IR band.

The ZSM-48 sample was also examined by IR in the OH
stretching region. A broad low intensity IR band centered
around 3600 cm−1 was detected (Fig. 5b).

A comparative study of the respective acidity of SAPO-
31 and ZSM-48 was made possible from the IR spectra of
pyridine adsorbed on these samples. Figure 5 shows that
upon pyridine adsorption on SAPO-31 at room temper-
ature and subsequent outgassing at 373 K the IR bands
at 3620 and 3675 cm−1 disappeared. Upon outgassing the
sample at 473 K the band at 3675 cm−1 was almost com-
pletely restored and at 573 K the IR band at 3620 cm−1 was
also restored. These IR results indicate that both P–OH
and SiO(H)Al groups interact with pyridine through acid-
base reactions, which are easily reversible for P–OH and
SiO(H)Al Brønsted acid sites.

Figures 6 and 7 represent the IR spectra of pyridine ad-
sorbed on SAPO-31 and ZSM-48, respectively. These spec-
tra are characteristic of pyridine adsorbed on Brønsted acid
sites forming pyridinium ions (1550 cm−1) and of pyridine
coordinatively bonded to Lewis acid sites (1450 cm−1).

From the intensities of the IR band at 1450 cm−1 at-
tributed to pyridine coordinatively bonded to Lewis acid
sites and of the IR band at 1550 cm−1 due to pyridinium
ions, the acidities of SAPO-31 and ZSM-48 were deter-
mined and compared. In agreement with the IR study of
SAPO-31 in the OH stretching region, Fig. 6 indicates that
pyridinium ions formed on SAPO-31 completely decom-
posed upon outgassing at 573 K, the IR band at 1550 cm−1

being erased after this treatment. It is clear that SAPO-31

possesses a mild acid strength.

Figure 7 indicates that upon pyridine adsorption the IR
band at 1550 cm−1 characteristic of pyridinium ions was
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FIG. 3. (a) SEM of SAPO

observed, which indicates that Brønsted acid sites were in-
deed present on ZSM-48. The intensity of this IR band re-
mained almost unchanged after outgassing the sample up
to 573 K. The high stability of the pyridinium ions formed
on ZSM-48 indicates that the acid strength of ZSM-48 is
high. It is only upon outgassing the sample at 773 K that
pyridinium ions were completely removed from the sur-
face. Quantification of the Brønsted acidity on SAPO-31
and ZSM-48 was made possible, although not very accu-
rate, by a comparison of the intensities of the IR bands at
1550 cm−1. Since the weight of the SAPO-31 and ZSM-48
wafers was almost the same, Figs. 6 and 7 suggest that the
number of Brønsted acid sites on SAPO-31 is comparable
to that on ZSM-48. Since, it was noted above that no OH
groups vibrating in the range of 3600 cm−1 were observed,
this suggests that the OH group vibration is probably too
large (not to weak) to be detected. However, the Brønsted
acid sites on ZSM-48 are considerably stronger.
Catalytic Reactions

The true bifunctional behavior of the Pt–Pd/SAPO-31
and Pt–Pd/ZSM-48 catalysts will be treated first. A higher
31 and (b) SEM of ZSM-48.

selectivity for hydroisomerization and pure primary hydro-
cracking are obtained when a strong hydrogenation func-
tion is present, the metal exhibiting the minimum hy-
drogenolysis activity. In order to verify that the catalysts
were ideal bifunctional catalysts, the distribution of the
cracked products from the hydrocracking of n-octane was
determined. Figures 8 and 9 represent the distributions
of the cracked products from the hydroconversion of
n-C8 over Pt–Pd/SAPO-31 and Pt–Pd/ZSM-48 at low and
high conversions. With both catalysts C1 and C2 cracked
products were present in a very small concentration with
respect to the other cracked products.

The hydrogenolysis reaction of n-C8 on the bimetallic
Pt–Pd hence contributed little to the overall cracking of
the alkane (18). Figures 8 and 9 furthermore show that
the cracked products are symmetrically distributed around
the C4 fraction, which suggests that secondary hydrocrack-
ing reactions were not occurring. In addition the effect of
the H2 pressure on the n-octane reaction rate was inves-
tigated. It appeared on both catalysts that the n-C8 con-

version changed linearly with the reciprocal value of the
hydrogen pressure 1/PH2 in agreement with the hydroc-
racking model where at any H2 pressure the alkane is in
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FIG. 4. 27Al MAS-NMR spectrum of ZSM-48.
FIG. 5. (a) IR spectra in the OH stretching vibrations of SAPO-31 (1) sample outgassed at 673 K. Other spectra: sample outgassed at 673 K and
after pyridine adsorption and desorption at increasing temperatures. (b) IR spectra in OH stretching vibrations of ZSM-48. (1) Sample outgassed at
773 K. Other spectra: sample outgassed at 773 K and after pyridine adsorption and desorption at increasing temperatures.
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FIG. 6. IR spectra of pyridine adsorbed on SAPO-31 and desorbed
at increasing temperatures.

equilibrium with the corresponding olefin. We conclude
that Pt–Pd/SAPO-31 and Pt–Pd/ZSM-48 behave like true
bifunctional catalysts.

The hydroconversion of n-octane obtained at 523 K
led essentially to isomerized products; among them the
monomethyl-branched isomers are the most abundant. C8

isomer yields versus n-C8 conversion over Pt–Pd/SAPO-31
and Pt–Pd/ZSM-48 are shown in Fig. 10. It is clear that
both catalysts were highly selective for skeletal isomeriza-
tion of n-alkane. An isomer yield of 78% at 80–85% n-C8

conversion was reached for both materials. This means that
over these medium tubular pore molecular sieves, the se-
lectivity toward isomerization was not controlled by the
acid strength of the catalyst. Apparently the stronger acid-
ity of H-ZSM-48 did not induce more cracking of the feed
as compared to SAPO-31.

However, as shown in Tables 1 and 2, a small difference
exists between SAPO-31 and ZSM-48. At constant conver-
sion, ZSM-48 gave less dimethylhexane isomers and more
cracked products than SAPO-31. The explanation should
be found in the longer effective residence time of the inter-
mediate carbenium ions on the stronger acid sites present
on ZSM-48. As a result, the probability that a cracking event

will occur is higher over ZSM-48 than over SAPO-31. With
the rates of cracking of dibranched carbenium ions higher
than that of monobranched intermediates, dimethylhexane
PO-31 AND ZSM-48 441

FIG. 7. IR spectra of pyridine adsorbed on H-ZSM-48 and desorbed
at increasing temperatures.

isomers will be preferentially cracked and hence ZSM-48
will give less dibranched isomers than SAPO-31. The dis-
tributions of the monomethylheptane isomers (Me-C7) and
dimethylhexanes (DMeC6) at increasing n-octane conver-
sion are shown in Table 1 and Table 2 for both catalysts.
FIG. 8. n-Octane hydroconversion. Distribution of the cracked prod-
ucts over Pt–Pd/SAPO-31 at 523 K, 1 atm, H2/HC= 60, (s) α= 11.3%,
(j) α= 80.3%.
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FIG. 9. n-Octane hydroconversion. Distribution of the cracked prod-
ucts over Pt–Pd/ZSM-48 at 523 K, 1 atm, H2/HC= 60, (s) α= 10.3%,
(j) α= 81.6%.

As stated above Tables 1 and 2 show that monomethyl-
heptane isomers were strongly favored, dimethylhexanes
being formed significantly only at n-C8 conversions above
80%. The distributions of Me-C7 and DMe-C8 were quite
similar over SAPO-31 and H-ZSM-48. These results sug-
gest that the acid strength not only has no effect on the
overall selectivity for isomerization but also does not in-
fluence the respective isomer distributions. An interesting
aspect of the results shown in Tables 1 and 2 is the pre-
dominant formation, within the isomer products, of termi-
nally branched methyl isomers. At low conversion these
isomers are formed beyond the amounts predicted by ther-
modynamics. The preferential formation of 2MeC7 and
2,5 DMeC6 over medium noninterconnecting tubular pore
molecular sieves was explained by the concept of restricted

transition state shape selectivity at the pore mouth (4, 7).
Ap
for

are too bulky and could not form within the pores; thus
rd
parently over SAPO-31 and H-ZSM-48 the selectivity

isomerization and the C8 isomer distribution resulted

TABLE 1

n-Octane Conversion on Pt–Pd-SAPO-31

n-C8 conversion, % 5.0 11.3 23.8 40.2 52.0 76.4 80.3 82.8 86.0
Cracking selectivity, % 0.1 0.4 1.0 2.0 2.4 4.4 6.2 7.3 11.7
iC8 selectivity, % 99.9 99.6 99.0 97.9 97.6 95.6 93.7 92.6 88.2
MC selectivity, % 99.9 99.5 97.7 95.2 93.1 83.7 77.6 73.7 65.1
DMC6 selectivity, % — 0.1 1.3 2.7 4.5 11.9 16.1 18.9 23.0

MC7 distribution, mol%
2MC7 48.1 47.1 46.5 45.9 45.2 43.6 42.7 41.5 39.8
3MC7 43.7 44.1 44.4 44.6 44.6 45.7 46.0 46.5 46.8
4MC7 8.2 8.8 9.2 9.5 10.2 10.7 11.3 12.1 13.4

DMC6 selectivity, mol%

the cracking reaction is limited and the selectivity towa
isomerization high.
2,4DMC6 — 23.1 29.5
2,5DMC6 — 76.9 68.7

a Products distribution at 523 K, 1 atm, H2/HC= 60.
AU ET AL.

FIG. 10. n-Octane hydroconversions: C8 isomer yield versus conver-
sion, (4) Pt–Pd/ZSM-48, (j) Pt–Pd/SAPO-31.

from the stereochemistry imposed by the pore mouths
rather than by the energetic chemistry imposed by the acid
strength.

The hydroconversion and hydrocracking reactions which
are consecutive reactions proceed essentially through car-
benium ions, these ions being formed by protonation of
the olefin formed by dehydrogenation of the alkane on the
metal. With n-octane, branching of the n-octyl intermedi-
ate involves the formation of the corner-protonated cyclo-
propane intermediate. Within the restricted space available
in the pore mouth of SAPO-31, terminal PCP intermediates
are preferentially formed. Thus terminal monobranched
methyl isomers are formed in agreement with the results
given in Tables 1 and 2. In general high cracking rates were
observed when multibranched isomers were formed and
in particular with n-octane when trimethylpentanes were
formed. Within SAPO-31 and ZSM-48, trimethylpentanes
31.9 32.7 32.7 33.7 34.0 34.9
56.8 46.4 40.5 34.4 32.2 26.0
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TABLE 2

n-Octane Conversion on Pt–Pd-ZSM-48a

n-C8 conversion, % 5.2 10.3 21.0 37.4 59.3 81.6 83.3 86.7 88.0
Cracking selectivity, % 0.4 0.6 1.8 2.4 6.0 8.1 9.9 12.9 17.1
iC8 selectivity, % 99.6 99.4 98.2 97.6 94.0 91.9 90.0 87.1 82.8
MC7 selectivity, % 99.6 99.3 97.3 95.7 90.9 85.1 79.9 72.8 65.5
DMC6 selectivity, % — 0.1 0.9 1.9 3.0 6.8 10.2 14.3 17.3

MC7 distribution, mol%
2MC7 51.7 49.7 47.9 46.4 44.8 44.1 43.4 42.4 41.6
3MC7 40.2 41.9 43.0 43.2 43.8 44.1 44.5 44.9 45.0
4MC7 8.0 8.3 9.1 10.4 11.4 11.9 12.1 12.7 13.4

DMC6 selectivity, mol%

2,4DMC6 24.0 31.3 34.2 37.8 39.0 39.8 39.9 39.5 39.5
2,5DMC6 76.0 68.7 57.0 49.2 43.2 35.8 33.8 29.4 25.7
a Products distribution at 523 K, 1 atm, H2/HC= 60.

Since trimethyl-branched isomers could not be formed
within the SAPO-31 or ZSM-48 channels, cracking reac-
tions involved theβ-scission either of monomethylheptanes
or of preferably dimethylhexanes. The rates of cracking
of the corresponding carbenium ions, which involve sec-
ondary→ secondary carbenium ion intermediates, are low
and are governed by the lifetime of the secondary carbe-
nium ion on the catalyst surface. One should expect that
stronger acidity would increase the lifetime of the carbe-
nium ions on the surface, causing enhanced cracking. How-
ever, the lifetime of the intermediate carbenium ions on the
catalyst surface is probably also governed by the diffusion
rates of the products at the pore mouths at a short distance
from the external surface. Slow diffusion rates will increase
the probability for a cracking event, by β-scission, to oc-
cur. The almost identical isomerization selectivity shown
by SAPO-31 and ZSM-48 suggests that within constraint
materials the restriction to the diffusion of the products out
of the pores contributes more to the lifetime of the interme-
diate carbenium ions than the acid strength. Over narrow-
pore molecular sieves, the product distribution from the
hydroconversion of n-alkanes is a unique function of the
molecular sieve topology.

To answer the question to what extent the activity of the
narrow-pore molecular sieves in the hydroisomerization re-
action would be dependent on the catalyst acidity, the rel-
ative rates of the reaction of n-C8, 2Me-C7, and 2,2,4TMP
over Pt–Pd/SAPO-31 and Pt–Pd-ZSM-48 have been deter-
mined. The conversion of the feed was always less than 10%.
Table 3 lists the measured relative rates. It is clear that ZSM-
48 was more active for hydroconversion of alkanes than
SAPO-31. The higher acid strength of ZSM-48 compared
to that of SAPO-31 has a beneficial effect on the hydrocon-
version of n-octane and other alkanes. Thus high acidity

nd narrow nonconnecting tubular pore topology are pre-
equisites for modeling highly efficient hydroisomerization
atalysts.
However, Table 3 shows that 2,2,4TMP, which is in-
deed too bulky to enter the pores of SAPO-31 or ZSM-
48, nevertheless experienced cracking. The main product,
more than 95%, was isobutane from β-scission of the 2,2,4-
trimethylpentyl carbenium ion.

The reaction of 2,2,4TMP occurred obviously on the cata-
lyst grain surface. Due to its higher acid strength and to the
smaller grain size, ZSM-48 exhibited the higher cracking ac-
tivity. Thus the acid sites on the grain surface participate in
the overall hydroconversion of n-octane particularly at high
conversion where the concentration of methyl-branched C8

isomers is high. The absence of sterical constraint on the
grain surface will permit the formation of multibranched
methyl isomers. These multibranched isomers experience
rapid cracking by β-scission. The yield of isomerization will
thus be lowered. It is thus important to minimize the ef-
fect of the external surface of the grains to improve the
hydroisomerization selectivity. This may be accomplished
by selectively poisoning or removing the acid sites present
on the external surface.

The stronger influence of the molecular sieve topology
compared to the acid strength on the selective hydroiso-
merization of alkanes was further studied through the re-
action of 2MeC7. It has been shown that at low conversion
2MeC7 reacted over molecular sieves almost exclusively
through hydroisomerization (17). Cracking represented
less than 3–4% of the total conversion; similarly the extent
of branching rearrangement into dimethylhexanes was low.

TABLE 3

Reaction Rate (α×WHSV) of C8 Alkanes over Pt–Pd/ZSM-48
and Pt–Pd/SAPO-31 at 523 K, H2/HC= 60, α < 10%

n-C8 2Me-C7 2,2,4TMP
ZSM-48 SAPO-31 ZSM-48 SAPO-31 ZSM-48 SAPO-31
22.2 5.3 75.8 11.6 12.3 2.7
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TABLE 4

Reaction of 2Me-C7 at 523 K over Pt–Pd/Molecular Sieves: Molecular Ratio
3MeC7/n-C8 at Low Conversion<10%

SAPO-5 SAPO-31 SAPO-41 SAPO-11 ZSM-48 ZSM-22 ZSM-23
Pore size (nm) 0.73 0.54 0.43× 0.7 0.39× 0.7 0.55 0.44× 0.54 0.4× 0.52

3MeC7/n-C8 8 3.8 2.3

The main reactions which occurred were (i) rearrangement
with no change of the degree of chain branching through
a 1,2-methyl shift which transforms 2MeC7 into 3MeC7,
and (ii) rearrangement with decrease of the degree of
branching through a protonated cyclopropane intermedi-
ate, 2MeC7 being converted into n-C8. Over a noncon-
strained surface, the 1,2-methyl shift is faster than the PCP
step; thus, starting from 2MeC7 the ratio 3MeC7/n-C8 is in
general high, while this ratio decreased as the pore con-
straint increased (17). In Table 4 are reported the molecu-
lar ratios 3MeC7/n-C8 resulting from the reaction of ratio
2MeC7 at 523 K over molecular sieve-based bifunctional
catalysts.

This table indicates indeed that the isomerization paths,
1,2-methyl shift and PCP, are influenced by the molecular
sieve topology rather than by the acidity of the catalyst.
Again transition state shape selectivity at the pore mouths
prevails over medium tubular pore molecular sieves. The
steric constraint exerted on the transition state interme-
diate is more significant than the acid strength. The ratio
3MeC7/n-C8 would thus follow the pore size rather than
the acidity. It is concluded that the smaller the pore size, the
lower the ratio of 3MeC7/n-C8. These results suggest that
the PCP intermediate can easily be distorted in the catalyst
pores, while the 1,2-methyl-shift intermediate will be more
rigid. Hence, as the steric constraint increases with the de-
crease of the pore size the effect on PCP intermediates thus
results in the decrease of the 3MeC7/n-C8 ratio. Since the
channels in SAPO-31 and ZSM-48 have almost identical
sizes, these materials gave a similar ratio 3MeC7/n-C8 upon
2MeC7 hydroconversion. These results indicate clearly that
the acid strength played a minor role on the isomerization
selectivity when compared to the important influence ex-
erted by the dimension and the topology of the molecular
sieve channels.

CONCLUSION
rization of long-chain alkanes which is
of catalytic reactions is strongly favored
1.8 2.5 1.2 0.78

over medium-pore noninterpenetrating tubular molecular
sieves. The reactions occur inside the pore at the pore
mouth at a short distance from the external surface. The
hydroisomerization yield is rather high over these mate-
rials with preferential formation of monomethyl isomers.
The productivity of isomers is considerably increased with
an increase in the acidity of the catalysts with little de-
crease of the selectivity toward isomerization. However,
over small grain catalysts the external surface plays a
negative role due to the presence of nonselective active
sites.
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