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Reaction kinetics measurements of n-hexane conversion over
4% Pt/SiO, and 1% Pt/K(Ba)-L catalysts were made at a pressure
of 3 atm and temperatures from 698 to 750 K. The rates of benzene
and methylcyclopentane formation decrease with time during reac-
tion over Pt/Si0O,, while 1% Pt/K(Ba)-L does not deactivate sig-
nificantly. Microcalorimetric measurements at 353 K show that
the heat of carbon monoxide adsorption is the same on freshly
reduced Pt/SiO, and Pt/K(Ba)-L catalysts; however, carbonaceous
species that accumulate on Pt/SiO, during n-hexane conversion
decrease the total number of adsorption sites and the number of
sites that adsorb carbon monoxide strongly. The 1% Pt/K(Ba)-L
catalyst retains the adsorptive properties of the freshly reduced
catalyst. Nuclear magnetic resonance studies of YCO adsorption
show that cluster-sized platinum particles are more resistant to
deactivation by self-poisoning reactions than larger platinum parti-
cles. The greater catalyst stability and higher steady-state activity
of L-zeolite-supported platinum catalysts may be attributed to the
ability of L-zeolite to stabilize cluster-sized particles under reaction
conditions. Differences in dehydrocyclization activity between cat-
alysts may be related to differences in the number of strong adsorp-
tion sites that are present under reaction conditions. © 1994
Academic Press, Inc.

INTRODUCTION

Platinum particles supported on neutral or basic L-zeo-
lites are highly active and selective for dehydrocyclization
reactions of normal paraffins (e.g., 1-6). It has recently
been reported that the initial dehydrocyclization activities
of clean, silica-supported platinum catalysts are compa-
rable to the initial activities of L-zeolite-supported plati-
num catalysts (7), while the rates of catalyst deactivation
are considerably different between these two types of
catalysts. Specifically, L-zeolite-supported platinum cata-
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lysts maintain the initial high activity at steady state, while
silica-supported catalysts deactivate to a lower steady-
state activity (8).

We have reported in a recent study that freshly reduced
platinum particles supported in L-zeolite have similar
properties for hydrogen and carbon monoxide adsorption
as platinum supported on silica (8). Thus, it appears that
the unusual catalytic properties of zeolite-supported plati-
num catalysts cannot be attributed to unique support-
dependent adsorptive properties of platinum. Accord-
ingly, differences in catalyst deactivation rates may be
related to morphological differences between the two
types of catalysts. Indeed, it has been observed that small
Pt particles within the L-zeolite pore structure are more
resistant to coke formation during n-hexane conversion
than larger particles located on the external surface of
the zeolite (9).

In the present study, we have attempted to probe the
surface properties of silica- and L-zeolite-supported plati-
num catalysts that have been exposed to reaction condi-
tions for n-hexane aromatization. The purpose of this
study was to ascertain the chemical nature of adsorption
sites that remain accessible after the catalysts have
reached steady-state activity. We have employed heat-
flow microcalorimetry, *C NMR spectroscopy and
steady-state reaction kinetics measurements to study how
adsorbed carbonaceous species deposited on the catalyst
surface during n-hexane reforming reactions affect the
adsorptive properties of platinum and alter n-hexane reac-
tion selectivities.

EXPERIMENTAL

Microcalorimetric Studies

Microcalorimetric measurements of differential en-
thalpy changes of adsorption were conducted using a
Tian-Calvet heat-flow microcalorimeter (10). The micro-
calorimeter consists of two heat-flux transducers (ITI Cor-
poration, Del Mar, CA), located in a thermostated alumi-
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ments.

Schematic diagram of cell for microcalorimetric measure-

num block. One transducer holds a quartz sample cell,
and the second transducer contains an empty cell that
minimizes effects caused by fluctuations of the calorime-
ter temperature. The differential enthalpy change of ad-
sorption is negative, and it is convenient to define the
differential heat of adsorption as a positive quantity that
is equal in magnitude to the differential enthalpy change.

A 4% Pt/SiO, catalyst and a 1% Pt/K(Ba)-L catalyst
were used for microcalorimetric studies. The synthesis
and treatment of these catalysts have been presented else-
where (8). Prior to use, prereduced catalysts (ca. 500 mg)
were treated in flowing hydrogen (ca. 100 cc/min) at 673
K for 2 h and subsequently degassed for 2 h at this temper-
ature. Microcalorimetric measurements of carbon monox-
ide adsorption on reduced catalysts were then made at
353 K by sequentially dosing -3 umol amounts of CO
into the microcalorimetric cells until the platinum surface
became saturated.

A schematic diagram of the quartz sample cell is shown
in Fig. 1. This design permits the cell to be used for
microcalorimetric measurements and for reaction kinetics
studies, by inverting the cell and transferring the catalyst
between the calorimetric compartment and the reactor
section. The cell is fitted with greaseless stopcocks that
permit the cell to be isolated and moved between the
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microcalorimetric apparatus and a reaction kinetics sys-
tem without exposing the sample to the atmosphere.

Following microcalorimetric studies of reduced materi-
als, the catalysts were treated for 2 h in a reaction mixture
of hydrogen and n-hexane at 673 K and 1.5 atm. The
reactor feed was maintained at a hydrogen : hexane ratio
of 8:1 and a total gas flow rate of 500 cc/min. The n-
hexane was then removed from the reactor feed, and the
hydrogen flow was continued for 20 min, after which the
sample cell was isolated in hydrogen and cooled to room
temperature. The samples were degassed for 2 h at 473
K to remove adsorbed hydrogen, and microcalorimetric
measurements of CO adsorption were conducted at 353
K on these aged samples. This adsorption temperature
was sufficiently high to achieve equilibration of CO with
the catalyst and sufficiently low to minimize surface reac-
tions between carbon monoxide and any hydrocarbon
species remaining on the catalyst following exposure to
the hydrogen : hexane reaction mixture.

BC NMR Spectroscopy Measurements

A U-tube Pyrex reactor fitted with greaseless stopcocks
was used for C NMR experiments. The U-tube reactor
was designed to connect to a reaction kinetics system,
where the 4% Pt/Si0O, and 19 Pt/K(Ba)-L catalysts were
subjected to the same reaction treatments as detailed for
the microcalorimetric measurements. Prior to '*CO ad-
sorption studies, the samples were degassed for 2 h at
473 K to remove adsorbed hydrogen. Isotopically labeled
carbon monoxide (99% "*C, Isotech) was dosed into the
evacuated sample cell at room temperature and the system
allowed to equilibrate for 1 h. Weakly adsorbed *CO was
removed from the catalyst by evacuating the gas-phase
carbon monoxide at room temperature. The evacuated
cell was then back-filled with argon to minimize atmo-
spheric contamination during the 2—4 days required for
spectral acquisition.

All PC NMR experiments were recorded at 300 K with
a Chemagnetics CMC-300 solid-state NMR spectrometer
operating at 75.34 MHz. Spectra were obtained by Fourier
transformation of spin echoes (90¥-r—180%-r—acquire).
All peaks are reported in parts per million (ppm) downfield
from tetramethylsilane (TMS), using the carbonyl reso-
nance of acetic acid at 178.4 ppm as a secondary refer-
ence. "*C spin counts in fully relaxed spectra were typi-
cally within 5~10% of the values predicted from CO
uptake measurements during sample preparation.

n-Hexane Reaction Kinetics Studies

Reaction kinetics studies were conducted of n-hexane
conversion over the 4% Pt/Si0, and 1% Pt/K(Ba)—L cata-
lysts at a total pressure of 3 atm and at temperatures from
698 to 750 K. To minimize possible effects of transport
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FIG. 2. Microcalorimetric results of carbon monoxide adsorption
on 4% Pt/Si0O, at 353 K. (O) Clean catalyst, (@) catalyst following n-
hexane dehydrocyclization reaction.

limitations on the measured reaction Kinetics, the Pt/
K(Ba)-L catalyst was diluted by a factor of 10-15 with
inactive K(Ba)-1. zeolite. This dilution is necessary to
minimize interparticle heat transfer limitations, which can
create temperature gradients in the catalyst bed. The Pt/
SiO, catalyst has a lower activity and does not suffer from
similar heat transfer limitations. The amounts of catalyst
used in these studies were adjusted to maintain the »-
hexane conversion less than 12% at all reaction condi-
tions.

Prior to reaction kinetics measurements, the 4% Pt/SiO,
and 1% Pt/K(Ba)-L catalysts were reduced in flowing
hydrogen at 773 K for 1-2 h. In addition, the Pt/SiO,
catalyst was calcined at 573 K for 3—4 h in flowing oxygen
prior to the reduction treatment. After the catalyst treat-
ments, the reactor temperature was lowered to the desired
temperature and the catalyst exposed to a reaction mix-
ture of hydrogen and n-hexane. The reactor feed typically
consisted of a hydrogen : hexane ratio of 10: 1 at a total
gas-flow rate of 500 cc/min. The reactor temperature and
pressure were allowed to stabilize for 5-10 min before
the first sample of the reactor effluent was collected for
gas-chromatographic analysis. The hexane isomers, ben-
zene, and C—C; hydrocarbons were separated on a 24-ft
DC200 column. To minimize analysis times, methane and
ethane were not separated from hydrogen and are not
reported in the data. The reactor effluent was sampled
every 25 min for up to 4 h. A fresh quantity of catalyst
was used at each reaction condition to avoid possible
contributions from catalyst deactivation to the observed
reaction kinetics.

RESULTS

Microcalorimetric Studies

Microcalorimetric results of carbon monoxide adsorp-
tion at 353 K on freshly reduced and aged Pt/SiO, are
shown in Fig. 2. The initial heat of adsorption for the aged
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catalyst is similar to the value measured for the clean
sample. The heat of adsorption, however, decreases more
rapidly with increasing carbon monoxide coverage for the
aged catalyst. The total number of sites that are capable
of adsorbing carbon monoxide is decreased by approxi-
mately 50% following exposure to the hydrogen : hexane
reaction mixture. A similar loss of accessible platinum
adsorption sites has been reported for platinum supported
on y-alumina following reactions involving n-hexane (11).
Figure 2 also shows that only about 10% of the adsorption
sites continue to bind carbon monoxide strongly on the
aged catalyst. Subsequent calcination and reduction of
the aged catalyst restores the adsorption characteristics
of the initially clean catalyst for CO adsorption. Conse-
quently, the loss of adsorption sites and decrease in the
heat of CO adsorption are a result of carbonaceous species
on the platinum surface.

Microcalorimetric results of carbon monoxide adsorp-
tion on initially clean and aged Pt/K(Ba)-L are shown in
Fig. 3. Unlike the silica-supported sample, the aged Pt/
K(Ba)-L catalyst retains most of the adsorption capacity
of the clean sample. Furthermore, the data in Fig. 3 show
that the aged catalyst retains the strong adsorption sites
characteristic of clean platinum. These results suggest
that negligible amounts of strongly bound carbonaceous
species remain on the L-zeolite-supported platinum parti-
cles following exposure to the hydrogen: hexane reac-
tion mixture,

3C NMR Spectroscopy Measurements

The *C NMR spectrum of isotopically labeled carbon
monoxide on aged Pt/Si0O, is compared in Fig. 4 with the
corresponding spectrum of the initially clean sample. The
sharp "*C signals at ca. 25 and 127 ppm observed for the
aged sample result from sp* and sp>-hybridized carbon
atoms, respectively, deposited on the catalyst during reac-
tion. It is apparent from this spectrum that the quantity
of carbonaceous material deposited is ~ 100 times greater
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FIG. 3. Microcalorimetric results of carbon monoxide adsorption

on 1% Pt/K(Ba)L-zeolite at 353 K. (O) Clean catalyst, (@) catalyst
following n-hexane dehydrocyclization reaction.
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FIG. 4. (a) 'C NMR spectrum of “CO adsorbed on 4% Pt/SiO,
following n-hexane reforming reaction. (b} '* C NMR spectrum of *CO
adsorbed on reduced 4% P1/Si0,, taken from Ref. (12). Spectral decon-
volution results are also shown.

than the amount of CO that can be subsequently adsorbed
on the Pt particles (since '*C is only present at 1. 1% natural
abundance in the hexane reactant). A significant fraction
of this carbon is unsaturated (i.e., showing sp* hybridiza-
tion). In addition, the carbon deposits have significant
mobility, since narrow lines are observed without em-
ploying spinning or dipolar decoupling techniques. These
observations suggest that the carbonaceous deposits are
likely to be oligomers with substantial chain mobility that
can migrate from the Pt particles to the support.

Contributions from isotopically labeled carbon monox-
ide adsorbed on the aged and the initially clean Pt/SiO,
catalysts result in the broad band at higher chemical shift
values. The contributions from different types of adsorbed
species were deconvoluted by a computer fit of the over-
all spectrum (12). The results from this procedure are
plotted in Fig. 4. This analysis indicates that the NMR
spectra consist of (i) contributions centered at 210 ppm
from P*CO adsorbed on cluster-sized, diamagnetic plati-
num particles, and (i) broad, Knight-shifted contributions
centered at 360 ppm from *CO adsorbed on larger plati-
num particles. These assignments of diamagnetic and
Knight-shifted contributions are described in detail
elsewhere (12).

Comparison of Figs. 4a and 4b shows that the relative
contribution of the diamagnetic component to the overall
spectrum increases for the aged catalyst, causing a de-
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TABLE 1
13C Spin Counts for CO on Pt/SiO,

Clean sample After reaction Sites lost
Species (pnmol/g) (umol/g) (%)
Knight-shifted CO 79 26 67
(large Pt particles)
Diamagnetic Co 20 19 5
(small Pt clusters)
Total CO 99 45 55

(exposed Pt sites)

crease in the mean chemical shift of the spectrum. Table
1 presents the '*C spin counts for diamagnetic and Knight-
shifted CO on Pt/SiQ,, showing that exposure of the cata-
lyst to the hydrogen : hexane reaction mixture results in
the selective loss of CO adsorption sites on the larger
platinum particles. Specifically, the contribution from
Knight-shifted CO decreases, while the amount of dia-
magnetic CO on small clusters remains essentially un-
changed.

n-Hexane Reaction Kinetics Studies

The PUK(Ba)-L catalyst maintained its initial catalytic
activity for at least 4 h, which was the duration of the
present kinetics experiments. The activity of the Pt/Si0O,
catalyst, however, decreased by nearly an order of magni-
tude during the first 30 min of exposure to the reaction
mixture. The overall extent of catalyst deactivation for
the silica-supported catalyst increased with increasing re-
action temperature and decreasing hydrogen pressure.
The kinetic datareported in this paper were collected after
both catalysts had reached steady-state activity, generally
requiring 1 h under reaction conditions,

Table 2 summarizes the product distributions observed
over each catalyst at 698 K. Product yield is defined in

TABLE 2

Product Yield for n-Hexane Conversion at 698 K and Py, = 276
kPa, PC(,H“ = 27.6 kPa

Reaction 1% Pt/K(Ba)-L (%) 4% P1/SiO, (%)
Dehydrocyclization? 72 27
Isomerization” 19 56
Hydrogenolysis® 9 16

* Yield defined as mole of Benzene + MCP produced/moles n-hex-
ane converted.

¥ Yield defined as mole of 2MP + 3MP produced/moles n-hexane con-
verted.

¢ Yield defined as mole of Cs + C, + C; produced/moles n-hexane con-
verted.
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TABLE 3

SHARMA ET AL.

Turnover Frequencies (sec™!) for n-Hexane Conversion at 698 K
and Py, = 276 kPa, PCGH" = 27.6 kPa

Component 1% Pt/K(Ba)-L 4% Pt/Si0,
n-Hexane 1.2 0.19
Benzene 0.58 0.016
Methylcyclopentane 0.25 0.037
2-Methylpentane 0.12 0.071
3-Methylpentane 0.099 0.039
n-Pentane 0.034 0.0088
n-Butane 0.029 0.012
n-Propane 0.034 0.011

Table 2 as moles of product produced per mole of n-
hexane converted. Dehydrocyclization and isomerization
processes are the major reactions observed over both
catalysts, with a smaller contribution from hydrogenolysis
reactions to the product distribution. At the hydrogen
partial pressures used in this study, olefin products are
thermodynamically limited to less than 0.5% of the alkane
components and are equilibrated at all reaction tempera-
tures.

The steady-state rates of formation of the different
products at the indicated reaction conditions are reported
in Table 3. The turnover frequencies listed in Table 3
were calculated based on the numbers of surface Pt atoms
for the clean catalysts, as determined by hydrogen chemi-
sorption (8). The 1% Pt/K(Ba)-L catalyst is an order of
magnitude more active for the formation of benzene and
methylcyclopentane than the 4% Pt/SiO, catalyst. Both
catalysts exhibit low activity for hydrogenolysis reac-
tions. These results are in agreement with data obtained
collected over similar catalysts by Lane et al. (13), Mielc-
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FIG. 6. Arrhenius plot for n-hexane dehydrocyclization to methylcy-
clopentane at Py = 276 kPa, Pcy , =27.6kPa, 9-12% conversion over
(A) 1% PUK(Ba)-1 and (O) 4% PU/SIO,.

zarski et al. (14), and Ostgard et al. (9) for n-hexane
reforming reactions, and by Iglesia and Baumgartner (7)
for n-heptane reforming reactions.

The Pt/K(Ba)-L catalyst displays higher selectivity for
terminal cracking than the Pt/SiO, catalyst. In particular,
n-pentane/n-butane ratio is 1.2 over Pt/K(Ba)-L and 0.76
over Pt/Si0O,. The value of this ratio over Pt/K(Ba)-L is
not as high as that reported by Tauster and Steger (15,
16) for similar catalysts. This difference may be due to
the higher conversions of our study, which would result
inincreased contributions from secondary hydrogenolysis
reactions. The n-pentane/n-butane ratio is less than unity
for the silica-supported catalyst, and this result is in
agreement with values reported for similar catalysts by
these authors.

Arrhenius plots for the primary reactions of n-hexane
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FIG. 7. Arrhenius plot for n-hexane hydrogenolysis to n-pentane
and n-butane at Py, = 276 kPa, Pc y = 27.6 kPa, 9-12% conversion
over (A) 1% PYK(Ba)-1 and (©) 4% 'Pt/Si0,.
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TABLE 4

Apparent Activation Energies for n-Hexane Conversion at
Py, =276 kPa, Py, = 27.6 kPa

1% Pt/K(Ba)-L 4% Pt/SiO,
Production reaction (kcal/mol) {kcal/mol)
Benzene 28 26
Methylcyclopentane 12 10
n-Pentane 20 17
n-Butane 15 17

over the Pt/K(Ba)-L and Pt/SiO, catalysts are shown
in Figs. 5-7, and the calculated values of the apparent
activation energies are summarized in Table 4. Similar
values for the apparent activation energies are obtained
over both catalysts, suggesting that similar reaction mech-
anisms may be responsible for product formation. The
values of the apparent activation energies are in
agreement with those reported by Somorjai and co-work-
ers for n-hexane aromatization over platinum single-crys-
tal surfaces [17].

The dependence of the reaction rates on hydrogen pres-
sure was investigated for the Pt/K(Ba)-L catalyst by vary-
ing the hydrogen partial pressure from ca. 270 to 370
Torr, while keeping the n-hexane pressure constant. The
dehydrocyclization reaction rates show a negative depen-
dence on the hydrogen partial pressure. Specifically, the
hydrogen orders for benzene and methylcyclopentane
production are —2.3 and —0.88, respectively. This behav-
ior is characteristic of dehydrogenation reactions where
hydrogen pressure has an inhibiting effect on the reaction
rate (18). The hydrogen orders for the hydrogenolysis
reactions producing n-pentane and n-butane are 1.08 and
1.28, respectively. It has been observed that hydrogen
orders for alkane hydrogenolysis reactions exhibit max-
ima as the hydrogen partial pressure is increased (19).
The pressure corresponding to this maximum increases
with the size of the alkane, thereby extending the pressure
range over which the hydrogenolysis reaction exhibits
positive order.

DISCUSSION

Catalyst Deactivation

Loss of platinum surface area due to the accumulation
of carbonaceous species during n-hexane conversion has
been documented in the literature ((11, 20) and references
therein). It is noteworthy that the 50% decrease in plati-
num surface area determined in the present study from
microcalorimetric measurements of CO adsorption (Fig.
2) is in excellent agreement with the decrease in extent
of CO adsorption determined by "*C spin counts of NMR
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spectra (Table 1). This 50% decrease in platinum surface
area, however, is not sufficient to explain the order of
magnitude loss in catalytic activity observed for the Pt/
Si0O, catalyst. The microcalorimetric measurements indi-
cate that most of the accessible adsorption sites on the
aged Pt/Si0, catalyst bind carbon monoxide more weakly
than the clean platinum surface. In agreement with these
findings, temperature-programmed desorption spectra of
carbon monoxide from platinum single-crystal surfaces
deactivated during r-hexane reactions also show a de-
crease in the carbon monoxide desorption temperature
from the clean surface (21). At present, we can not specify
the detailed origin for the decrease in strength of CO
adsorption on the sites remaining accessible on the Pt/
SiO, catalyst following exposure to reaction conditions.
For example, carbonaceous species may preferentially
block strong adsorption sites or exposed Pt surface atoms
adjacent to carbonaceous species may become weaker
adsorption sites. A small fraction of the adsorption sites
on the aged catalyst continues to bind carbon monoxide
as strongly as the clean platinum catalyst. The extent of
catalyst deactivation appears to scale with loss of strong
CO adsorption sites. These results suggest that the strong
adsorption sites may be related to the paraffin dehydro-
cyclization activity of the catalyst.

In contrast to the silica-supported catalyst, the Pt/
K(Ba)-L catalyst retains essentially all of the platinum
sites for CO adsorption following exposure of the catalyst
to n-hexane reaction conditions. This result is consistent
with the observation that the zeolite-supported catalyst
does not deactivate significantly during reaction. Further-
more, the microcalorimetric data shown in Fig. 3 illustrate
that the aged Pt/K(Ba)-L catalyst retains the strong car-
bon monoxide adsorption sites that appear to be important
for catalytic activity. These results provide further sup-
port for the suggestion that the strong adsorption sites of
platinum are necessary for dehydrocyclization activity of
the catalyst.

We have previously reported that clean 19 Pt/K(Ba)-L
and 4% Pt/Si0, catalysts have energetically similar sites
for H, and CO adsorption (8). This conclusion is consis-
tent with the observation of the present study and a previ-
ous study (7) that the initial activities of both catalysts are
similar. The primary difference between these materials is
the rate of catalyst deactivation. Carbonaceous species
that accumulate on the silica-supported catalyst reduce
the number of adsorption sites and selectively decrease
the number of sites that strongly adsorb carbon monoxide.
Accordingly, the unique catalytic properties of L-zeolite-
supported platinum catalysts appear to be a consequence
of their resistance to self-poisoning reactions that lead to
the accumulation of adsorbed carbonaceous residue on
the catalyst.

We further suggest that the resistance of L-zeolite-sup-
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ported platinum catalysts to deactivation is related to the
predominance of cluster-sized platinum particles that are
stabilized in the L-zeolite structure. In particular, the re-
sistance of cluster-sized platinum particles to self-poison-
ing reactions is seen for the Pt/SiO, catalyst by comparing
the C NMR spectra in Fig. 4 of carbon monoxide ad-
sorbed on clean and aged samples. The contribution to
the overall spectrum from 3CO adsorbed on the cluster-
sized, diamagnetic platinum particles is unchanged be-
tween the two spectra, while the contribution from the
Knight-shifted '*CO species on large platinum particles is
reduced to about 35% of its former value on the aged
catalyst. This result indicates that platinum particles large
enough to exhibit a Knight-shifted resonance are selec-
tively poisoned by carbonaceous species, compared to
cluster-sized, diamagnetic particles. The carbonaceous
material formed on these larger particles prevents CO
adsorption on 53 wmol/g of Pt sites, either by direct bond-
ing to the surface Pt or by physically occluding the surface
without direct chemical interaction. Since hexane is sub-
stantially larger than CO, it may be expected that this
carbonaceous overlayer will block an even larger propor-
tion of the hexane reaction activity of these larger par-
ticles.

The resistance of small platinum particles to poisoning
by carbonaceous deposits has been observed previously
by Barbier (22), Van Broekhoven et al. (23), and Ostgard
et al. (9). These researchers have suggested that small
platinum particles are less likely to form multiple car-
bon-metal bonds that are necessary for self-poisoning
reactions. In addition, our suggestion that the unique
properties of Pt—1-zeolite catalysts for n-hexane conver-
sion are due, at least in part, to the stabilization of cluster-
sized Pt particles is consistent with the work of Mielczar-
ski et al. (24). These authors observed that the catalytic
properties of Pt for n-hexane conversion were related
primarily to the Pt particle size and not to the microstruc-
ture of the support.

n-Hexane Reaction Kinetics

It has been suggested that dehydrocyclization reactions
over Pt proceed through 1,6- and 1,5-diadsorbed interme-
diates, which undergo cyclization and dehydrogenation
reactions to form benzene and methylcyclopentane
(25-27). Branched hexane isomers are formed as second-
ary products from ring-opening reactions of methylcyclo-
pentane. On platinum, the primary hydrogenolysis reac-
tions of n-hexane produce C,+ C, and C; + C,
hydrocarbons (28). Lighter hydrocarbons, C,-C;, are pro-
duced mainly from secondary hydrogenolysis reactions.
Propane, however, can also be produced as a primary
reaction product by the acid-catalyzed conversion of a-
hexane (13).
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The high steady-state dehydrocyclization activity and
selectivity of the 1% Pt/K(Ba)-L catalyst is apparent from
the results presented in Tables 2 and 3. The ratio of ben-
zene to methylcyclopentane formation rates is equal to
2.3 on the L-zeolite-supported catalyst, indicating that
the 1,6-ring closure pathway is more active than 1,5-ring
closure. For the 4% Pt/Si0O, catalyst, however, this ratio
is equal to 0.43 at steady-state activity, suggesting that
1,6-ring closure is less active on this catalyst relative to
the 1,5-ring closure pathway. The accumulation of car-
bonaceous species on the silica-supported platinum cata-
lyst, therefore, appears to inhibit the 1,6-cyclization path-
way more severely than the 1,5-cyclization pathway.
Indeed, Iglesia and Baumgartner (7) have observed that
the initial 1,6-ring closure activity for n-heptane dehydro-
cyclization on a clean, silica-supported catalyst is as high
as that of the L-zeolite-supported platinum catalyst. Fur-
thermore, the initial activity for 1,6-ring closure over the
clean silica-supported catalyst is greater than the initial
activity for 1,5-ring closure. These authors also observed
the selective decrease in activity for 1,6-ring closure with
time on stream for n-heptane conversion on silica-sup-
ported Pt.

While isomerization of n-hexane over platinum can pro-
ceed by either a ring-opening or a bond-shift mechanism,
the ring-opening pathway generally dominates on clean
platinum surfaces (29-31). This behavior is reflected by
the observation that the ratio of the rates of formation of
methylpentanes to methylcyclopentane is equal to 0.88
for Pt/K(Ba)-L samples. For the aged silica-supported
catalyst, however, this ratio is equal to 3.0, which may
imply that contributions to the isomer product distribution
by the bond-shift pathway may also become important.
These results suggest that the ring-opening mechanism
may have a stricter site requirement and be more sensitive
to surface carbonaceous material than is the bond-shift
mechanism.

The hydrogenolysis activities are similar on the Pt/
K(Ba)-L and Pt/SiO, catalysts, although the L-zeolite-
supported catalyst is more selective for terminal cracking
as seen by the larger value for the ratio of n-pentane and
n-butane formation rates. Tauster and Steger (16) have
attributed this increased terminal cracking tendency of L-
zeolite-supported catalysts to geometric effects imposed
by the zeolite structure; however, high terminal cracking
probability is also observed for clean platinum catalysts
(7). While it is possible that the zeolite structure can influ-
ence the reaction selectivity, we observe that the hydro-
genolysis activation energies for both catalysts are simi-
lar, suggesting that similar hydrogenolysis mechanisms
may be operative over both catalysts.

It can be seen in Table 4 that the apparent activation
energies for benzene and methylcyclopentane formation
over the Pt/K(Ba)-L and Pt/SiO, catalysts are similar.
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This result suggests that similar mechanisms may be in-
volved in the production of these species over both cata-
lysts. As noted earlier, the steady-state rates of benzene
and methylcyclopentane formation are an order of magni-
tude lower over the Pt/SiO, catalyst (see Table 3), and
the silica-supported platinum catalyst has fewer sites that
adsorb carbon monoxide strongly. Thus, the formation
of benzene and methylcyclopentane over both catalysts
appears o take place by similar mechanisms over both
catalysts, with the primary difference between catalysts
being that the Pt/SiO, catalyst retains fewer strong ad-
sorption sites under steady-state reaction conditions than
the Pt/K(Ba)-L catalyst.

We have observed in this study that the hydrogen orders
for the hydrogenolysis reactions producing n-pentane and
n-butane are approximately equal to unity, while the hy-
drogen orders for benzene and methylcyclopentane pro-
duction are —2.3 and —0.88, respectively.

These results can be reconciled by suggesting that the
key surface intermediate in the formation of benzene may
be more deeply dehydrogenated than the key intermediate
in the formation of methylcyclopentane, and the latter
intermediate may be more deeply dehydrogenated than
the key intermediates in the formation of hydrogenolysis
products. We may assume that a more deeply dehydroge-
nated surface intermediate forms a larger number of chem-
ical bonds with the platinum surface. Therefore, the rate
of benzene formation would be expected to be most sensi-
tive to the presence of coke on the surface, the rate of
methylcyclopentane formation would show intermediate
sensitivity, while the hydrogenolysis rate would be least
sensitive to the presence of coke. This ranking of sensitiv-
ity is consistent with the differences in Table 3 between
the turnover frequencies over the Pt/K(Ba)-L and Pt/
SiO, catalysts.

CONCLUSIONS

Results of microcalorimetric and *C NMR spectro-
scopic studies of CO adsorption and reaction kinetics mea-
surements indicate that hexane cyclization, aromatiza-
tion, and isomerization reactions over Pt in L-zeolite and
on SiQ, are similar, and that variations in activity and
selectivity are primarily caused by differences in catalyst
deactivation. Cluster-sized platinum particles are more
resistant to deactivation by self-poisoning reactions than
larger platinum particles. Accordingly, the higher steady-
state activity of L-zeolite-supported platinum compared
to platinum on silica may be attributed to the ability of
L-zeolite to stabilize platinum as cluster-sized particles
under reforming conditions. The apparent activation ener-
gies for dehydrocyclization reactions are essentially the
same for both catalysts, suggesting that similar reaction
mechanisms are operative over these catalysts. The deac-
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tivation of P1/SiO, catalysts for dehydrocyclization reac-
tions can be related to a decrease in the number of
sites that adsorb CO strongly, suggesting that these
sites are particularly active for dehydrocyclization of
n-hexane.
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