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Hydroconversion of n-heptane was investigated over Pd-supported H-zeolite and hybrid catalyst consisting of
Pd/SiO2 and USY. Highly selective hydrocracking occurred over Pd/ZSM-5 whereas hydroisomerization domi-

nated over Pd/USY and Pd/f. Skeletal isomerization occurred before the cracking reactions.

The zeolite used

and hydrogen spillover onto the zeolite were important in determining the isomerization selectivity. Experiments
over hybrid catalysts suggested that close contact and the balance of metal and acidic sites are crucial in determin-
ing the activity and selectivity of isomerization and cracking. A reaction scheme based on the concept of hydro-

gen spillover was proposed.
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1. Introduction

Upgrading of hydrocarbons through processes such
as reforming, isomerization, cracking, etc., is very im-
portant in the hydrocarbon refinery industry. However,
with increasing public concern about the environment,
more and more stringent legislations are likely to be im-
plemented to control the characteristics of gasoline.
At present, isoparaffins appear to be more environmen-
tally acceptable to increase the octane number of gaso-
line as high octane ratings can be achieved without the
problems caused by current additives, such as tetra-
ethyllead, aromatics and oxygenated compounds such
as MTBE. Therefore, the skeletal isomerization of
n-alkanes has received significant attention in recent
yearsD ™9,

The isomerization of pentane and hexane has been
successfully carried out over noble metal catalysts sup-
ported on solid acids such as Pt/H-zeolite, Pt-superacid
or Pt-hetero-polyacid. However, hydrocarbon chains
longer than heptane are more difficult to isomerize be-
cause the cracking reaction becomes more favorable
with increased carbon chain length”. Although the
hydroconversion of hydrocarbons has been intensively
investigated, the reaction mechanism is still controver-
sial. Hydroconversion of paraffins on Pt-supported
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solid acids is widely believed to proceed through the
following steps®: Dehydrogenation of paraffin to olefin
on the Pt surface; transfer of the olefin to an acidic site
for protonation to carbenium ion; isomerization and/or
cracking of the carbenium ion and de-protonation on an
acidic site to olefin; and transfer of the product olefin to
a Pt site for hydrogenation to the final paraffin.

Although this mechanism has been significantly de-
veloped, the key function of the noble metal in the bi-
functional catalyst is to catalyze dehydrogenation of the
reactant and hydrogenation of the intermediate olefin to
the final product®®. Therefore, the high hydro-con-
version of isoparaffins at low temperature requires an
extraordinarily high rate of dehydrogenation of the par-
affins. Besides other challenges such as the very low
equilibrium olefin content at the temperature of hydro-
conversion, palladium is well known to be a very poor
catalyst for dehydrogenation, although it can effectively
activate hydrogen'”?. Furthermore, the distance be-
tween Pt particles and the acidic sites is important in
determining the activity and selectivity of Pt/ for hex-
ane hydroconversion'", which cannot be satisfactorily
explained based on the above bifunctional mechanism.
Therefore, an alternative mechanism of hydrogen spill-
over has been developed based on the investigation of
hydroisomerization of n-pentane and n-hexane over bi-
functional catalysts?-12715),

The present study found that either selective isomeri-
zation or cracking occurred during the hydroconversion
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Table 1 Hydroisomerization of n-Heptane over Different Catalysts®”
Items .o Isoheptane .
Catalysts Conversion [%] selectivity [%] I/C ratio

Pd/ZSM-5 45.83 2.24 0.02
Pd/p 53.06 90.3 9.31
Pd/USY 44.11 91.40 10.62
Hybrid catalyst” 14.35 71.55 2.52
Pd/Mordenite 35.79 26.64 0.36

a) Reaction conditions: T = 523 K, P = 0.5 MPa, W/F = 1.8 gca* h/mol, Ha/n-hep-
tane = 12, time on stream = 4 h, catalyst loading = 0.33 g.
b) Hybrid catalyst containing 0.22 g of USY and 0.11 g of 1.5 wt% Pd/SiO».

of n-heptane over Pd-catalyst supported on different ze-
olites. Some new concepts for the hydrogen spillover
mechanism of the alkane hydroconversion are pro-
posed.

2. Catalyst Preparation and Experimental Procedure

The palladium loading of the catalysts used in this
study was fixed at 0.5 wt%. Pd-supported H-zeolite
catalysts were prepared by ion exchange of ZSM-5 (Si/
Al = 20), B (Si/Al = 18.5), USY (Si/Al = 5) and morde-
nite (Si/Al =8.5) with an aqueous solution of
[PA(NH3)4]Clo. These Pd/H-zeolite catalysts were ac-
tivated as described previously!?. Pd/SiOz catalyst
with Pd loadings of 0.5 wt% and 1.5 wt% was prepared
by incipient wetness impregnation of commercial SiO2
with an aqueous solution of [Pd(NH3)4](NO3)2.
Hybrid catalyst was prepared by cogrinding and pres-
sure molding of the mixture of USY and Pd/SiO2. The
reaction was carried out in a continuous flow fixed-bed
reactor. Prior to reaction, 330 mg of each catalyst
(20-40 mesh) diluted with 1.0 g quartz particles was
loaded and reduced in a hydrogen flow at 673 K at at-
mospheric pressure for 2 h. The n-heptane was intro-
duced to the reactor using a pump. To test the deacti-
vation of the catalyst, standard operating conditions of
T= 523K, P =0.5MPa, H2 to n-heptane molar ra-
tio =12, and W/F = 1.8 gcat* h/mol were applied before
and after each run. To change the conversion level of
n-heptane, W/F was adjusted from 0.9 to 5.4 gcat*h/mol.
The reaction products were analyzed with an on-line
GC equipped with an NB-1 capillary column (GL
Sciences Inc.).

3. Results and Discussion

The results for the Pd/H-zeolite catalysts are given in
Table 1. Pd/f showed the highest activity for the con-
version of n-heptane whereas Pd/mordenite had the
lowest activity. Moreover, n-heptane conversion over
Pd/mordenite decreased gradually during the experi-
ment, whereas the other catalysts showed no decreases
(not shown). However, a different pattern was seen in
the selectivity to branched heptanes. The Pd/f and Pd/
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Fig. 1 Relationship between n-Heptane Conversion and Isobutane

Selectivity over Different Catalysts

USY catalysts showed very high isomerization selectiv-
ities of over 90%. In contrast, the selectivity of Pd/
ZSM-5 for branched heptanes was very low and most
converted n-heptane was cracked as shown in the data
of isomerization to cracking ({/C) ratios in Table 1.
Isobutane is one of the main products of the cracking
reaction, so the selectivity for isobutane is closely relat-
ed to the reaction mechanism. Therefore, isobutane
selectivity at different conversions of n-heptane was
calculated as shown in Fig. 1. Over Pd/§ and Pd/
USY, isobutane selectivity increased continuously with
increased n-heptane conversion, suggesting that at least
part of the isobutane is not a primary product of n-hep-
tane cracking. However, in the case of Pd/ZSM-5, the
isobutane selectivity remained almost constant despite
the change in n-heptane conversion, which indicates
that the isobutane is a primary product of n-heptane
cracking. These results suggest that hydroisomeriza-
tion or hydrocracking of n-heptane is strongly affected
by the zeolite support as the Pd loading was the same.
ZSM-5 mainly favored the cracking of n-heptane
whereas 8 and USY favored isomerization. A previ-
ous study of the hydroconversion of n-heptane over dif-
ferent solid acids loaded with Pt showed that porosity
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Fig. 2 n-Heptane Conversion and Isoheptane Selectivity over
0.5 wt% Pd/USY (A : n-heptane conversion Il : isohep-
tane selectivity) and Hybrid Catalyst Containing 0.11 g of
1.5 wt% Pd/SiOz and 0.22 g of USY ( & : n-heptane conver-
sion [l : isoheptane selectivity)

of the solid acid was more important than acidity for
the isomerization of n-heptane'®. We can tentatively
say that the structure of zeolites is crucial in determin-
ing the selectivity of products (cracking or isomeriza-
tion). Further characterization of the acid or other
properties of zeolite is necessary. As mordenite con-
tains only one-dimensional channels in the framework,
deactivation was continuous during the hydroconver-
sion of n-heptane.

As shown in Table 1 and Fig. 2, Pd/SiO2 and USY
showed little catalytic activity, whereas the hybrid cata-
lyst of the two components showed some activity for
both n-heptane conversion and isoheptane selectivity,
but less than Pd/USY. The difference in n-heptane
conversion over Pd/USY and hybrid catalyst was greatly
affected by temperature whereas the selectivity for iso
heptane was less influenced by temperature (Fig. 2).

The amount of USY in the hybrid catalyst was less
(2/3) than that in the Pd/USY catalyst although the me-
tallic Pd content was the same. Therefore, the low ac-
tivity and selectivity over the hybrid catalyst may derive
from the longer distance between Pd and acidic sites in
USY and the balance of Pd and acidic sites. To con-
firm this, experiments with different compositions of
0.5 wt% Pd/SiO2 and USY were carried out at different
temperatures as shown in Fig. 3. Both Pd/SiO2 and
USY showed negligible activity for the conversion of
n-heptane. However, much higher activity was
achieved over the hybrid catalyst irrespective of the re-
action temperature, indicating that both Pd and acid are
required for the hydroconversion of n-heptane.
Moreover, both the n-heptane conversion and isohep-
tane selectivity were significantly influenced by the Pd
to USY ratio, showing that an increase in Pd content
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Fig. 3 Effect of Composition of the Hybrid Catalyst on Hydro-
conversion of n-Heptane at a) 533 K, b) 573 K

promoted isomerization, whereas an increase in USY
promoted cracking. With an increase in reaction tem-
perature from 533 K to 573 K, the selectivity for iso-
heptanes changed faster with the change in the catalyst
composition. The catalyst composition corresponding
to the maximum conversion of n-heptane had lower
USY content at higher temperature, suggesting that the
balance of metal and acid is an important parameter to
achieve high activity for the hydroconversion of n-hep-
tane. Therefore, close contact and balance of Pd and
USY are important for determining the n-heptane con-
version and isoheptane selectivity during the hydrocon-
version of n-heptane.

Based on the classic hydrogenation-dehydrogenation
mechanism>%89, the present results are difficult to ex-
plain because supported Pd shows little activity for de-
hydrogenation of paraffins. However, as Pd is active
for the dissociation of Hz under the present conditions,
if hydrogen spillover is taken into account, all of the
above experimental results can be explained. The H>
molecule dissociates on Pd to H and presumably spills
over to the acid surface as H* and H™'"*'9,  The H* or
existing H* or zeolite acts as an acid and abstracts H™

Vol. 49, No. 2, 2006



from n-heptane or attacks one of the carbon atoms in
n-heptane to promote the reactions of carbenium ion
(isomerization) or cracking determined by properties of
the zeolite!”'>,  Accordingly, high activity for the hy-
droconversion of n-heptane can be achieved if the
amount of spilt-over hydrogen dissociated on Pd match-
es the number of acidic sites for the formation of carbe-
nium ions. As isobutane is always present in the pri-
mary product as discussed above, n-C7* should be first
isomerized to i-C7*, and then either reacts with H™ to
form i-C7 or cracks to C3 + C4. Moreover, further
cracking of i-C7 cannot be ruled out based on the pres-
ent results. This mechanism and the main reaction
steps are shown in Eqgs. (1) to (4). This mechanism
can be more simply and clearly illustrated by a figure
which has been claimed by our group?!"18  Ag
there is either no active site for hydrogen dissociation
or no acidic site on USY or Pd/SiOz, respectively, these
catalysts showed negligible activity for the reaction.
As Pd was directly loaded on USY for the Pd/USY cat-
alyst, both high n-heptane conversion and isoheptane
selectivity were achieved due to the effective spillover
of hydrogen from Pd to USY. In comparison with Pd/
USY, the hybrid catalyst showed lower activity and se-
lectivity for isoheptane because the contact between Pd
and USY in the hybrid catalyst was not as close as that
in the directly loaded catalyst, which reduced the effi-
ciency of hydrogen spillover. Isomerization or crack-
ing was determined by the zeolite used as well as the
degree of hydrogenation of carbenium ion. Hydro-
cracking was dominant over ZSM-5 whereas highly se-
lective isomerization occurred over USY and .
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ZQ is counter anion of Broensted acid site on zeolite
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