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Neopentane conversion has been studied over platinum sup-
ported on L-and Y-zeolites, and palladium supported on KL-zeolite.
The Pd/KL-zeolite catalysts exhibit the enhanced activation ener-
gies previously reported in the literature. The preexponential fac-
tors and activation energies show a compensation effect for both the
palladium and the platinum catalysts. The trend in activation ener-
gies is compared with hydrogen TPD studies. Pressure dependence
studies (in excess hydrogen) show reaction orders of approximately
—2 and 0.8 for hydrogen and neopentane, respectively, except for
hydrogenolysis over Pd/KL which exhibits reaction orders of ~—4
and 0.64, respectively. At lower hydrogen pressures (<70 Torr) the
reaction order in hydrogen becomes less negative, which may sig-
nify a change in the rate-limiting step of the reaction. The nature
of the adsorbed intermediates, probable reaction pathways, and the
compensation effect are discussed.  © 1997 Academic Press

INTRODUCTION

Platinum and palladium supported on zeolites have been
the focus of considerable research. Both steric effects of the
zeolite supports (1) and metal support interaction effects
(2-7) have been observed for reactions over these catalysts.
The metal support interaction can be varied by changing
the Bransted acidity (2-4) and/or the charge-compensating
cations of the zeolite support (5-7) and may manifest itself
as an electronic perturbation of the metal particles. Thus
both electron-deficient (5, 8) and electron-rich (9) metal
particles have been reported.

The reaction of neopentane with hydrogen can be a
valuable probe of metal support interaction, because the
inability of this molecule to form olefins as primary prod-
ucts confines the reaction to the metal sites under differ-
ential conditions (5). Foger and Anderson (5) observed
a decrease in the activation energies for neopentane con-
version over different Pt/Y-zeolite catalysts with increased
electron deficiency. A similar trend was reported by Bai et
al. (6) over different Pd/Y-zeolite catalysts. Modica et al.
studied the activity for neopentane conversion over KL-
zeolite-supported platinum (3) and palladium (4) modified
by introducing Bragnsted acidity/excess cation basicity, and
found that the activity increased with the acidity of the sup-

port. Hence neopentane conversion can be used to probe
metal support interaction in supported platinum and palla-
dium catalysts.

Recently, Karpinski et al. (7) reported enhanced activa-
tion energies (~78-90 kcal/mol) for neopentane conversion
over palladium supported on L-zeolite relative to palladium
supported on silica or alumina. They postulated that this
may be due to single-file diffusion in the L-zeolite pores.
However, platinum on L-zeolite does not exhibit these en-
hanced activation energies (10). Therefore, it seemed un-
likely that the enhanced activation energies were due to
diffusion effects. In the present work, the kinetic and par-
tial pressure dependence for neopentane conversion over
different Pt/L-, Pt/KY-, and Pd/KL-zeolite catalysts have
been studied, and the results have been correlated with
the Temperature Programmed Desorption (TPD) of hydro-
gen over these catalysts. The effect of partially exchanging
the cations present in the locked cages, and of varying the
Bragnsted acidity, has been studied for platinum supported
on L-zeolite, and these have been compared with P/KY
and Pd/KL-zeolites of different Brgnsted acidities.

EXPERIMENTAL

Catalyst Preparation

The KL-zeolite and NaY-zeolite (SiO2/Al,O3 ratio = 3)
were obtained from TOSOH. A partial cation exchange
of the KL-zeolite was carried out to exchange the cations
present in the locked sites (11). Portions of the KL-zeolite
were slurried in 250 ml/g of 0.4 N solutions of Ca(NO3),
Ba(NOs),, and La(NOs)s, respectively, for 24 h. The sam-
ples were filtered using a Buchner funnel, and dried at
140°C for 18 h. They were then heated to 500°C at 2°C/min
and calcined at this temperature for 3 h in 7.2 liters/min
flow of oxygen. The calcined samples were then subjected
to a back-exchange using a 0.4 N solution of KNOg, filtered,
and dried at 140°C for 18 h. These supports are denoted as
CaKL, BaKL, and LaKL, respectively. The KL-zeolite was
also used as received.

Platinum (5.5 wt%) was introduced on these four sup-
ports by ion-exchange using the tetraamine platinum
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nitrate precursor. Portions of the support were slurried in
200 ml/(g of support) deionized water and a solution of the
precursor in 100 ml of deionized water was added dropwise
over 2 h. The ion-exchange was carried out over 24 h. The
samples were filtered, then dried at 140°C for 18 h. They
were then heated to 300°C at 2°C/min and calcined at this
temperature for 2 h in 600 ml/(min x g of catalyst) flow of
oxygen, cooled to room temperature in 400 ml/(min x g of
catalyst) flow of helium, then heated to 400°C, reduced at
thistemperature for 1 h, and cooled to room temperature, in
400 ml/(min x g of catalyst) flow of hydrogen. The samples
were then passivated in air and stored.

The KY-zeolite was prepared from NaY-zeolite by ion ex-
change usinga 0.4 N solution of KNOj3. Platinum (3.67 wt%b)
supported on KL-zeolite and KY-zeolite and palladium
(2 and 3 wt%) supported on KL-zeolite were prepared us-
ing tetraamine platinum nitrate and tetraamine palladium
nitrate as precursors, using the above procedure. Portions
of the Pt/KL (3.67 wt%o), PU/KY (3.67 wt%), and Pd/KL
(2.0 wt%) were subject to a back-exchange (BE) with K*
to remove protons generated in the reduction step. Por-
tions of these catalysts were slurried in a solution of KOH
in 200 ml/(g of catalyst) deionized water for 24 h, with the
pH maintained between 8.5 and 9.0 by the addition of KOH.
The samples were filtered, and then dried at 140°C for 24 h.

Chemisorption

Chemisorption experiments were performed in a con-
ventional static adsorption apparatus described elsewhere
(12). A 400-mg portion of catalyst was heated to 400°C and
rereduced at this temperature for 30 min in 160 ml/min
flow of hydrogen. The flow was then switched to helium
(160 ml/min), and the sample was purged at this tempera-
ture for 30 min to remove chemisorbed hydrogen, and then
cooled to room temperature. Hydrogen uptake was mea-
sured for equilibrium pressures in the range 10 to 150 Torr.
The sample was then exposed to 760 Torr of hydrogen for
20 min and evacuated for 1 h, and then the uptake of oxygen
was measured in the same range of equilibrium pressures.
The oxygen uptake (O/M) was calculated by subtracting
half the hydrogen uptake (H/M) extrapolated to zero pres-
sure from the total uptake of oxygen.

TPD of Hydrogen

Temperature-programmed desorptions of hydrogen
were carried out in a packed bed configuration using
7-mme-i.d. Pyrex tube reactors. The catalyst bed consisted of
100 mg of catalyst diluted in 500 mg of e-alumina. The hy-
drogen, carrier nitrogen, and reference nitrogen gas flows
were controlled using mass flow controllers. Nitrogen was
purified upstream of the catalyst bed using an Oxiclear pu-
rifying trap (Labclear) and an OMI-2 indicating purifier
trap (Supelco, Inc.). Hydrogen was purified upstream of
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the catalyst bed using an Oxiclear purifying trap and a lig-
uid nitrogen trap. The effluent from the catalyst bed was
passed through a dry ice acetone trap before entering the
thermal conductivity detector (TCD).

The samples were rereduced at 400°C and then allowed
to cool slowly to room temperature, in a flow of 10 ml/min
hydrogen and 30 ml/min nitrogen. The hydrogen flow was
then switched off and the reactor was purged in the nitrogen
(carrier) flow until astable baseline was reached in the TCD
(~1h). A temperature ramp of 6°C/min to 400°C was used
and the desorptions were monitored using the TCD. The
X-Y datawere smoothed using a Savitzky—Golay algorithm
(13) of fourth order (Ng=N_=3) and then numerically
differentiated to determine peak positions.

Neopentane Reaction

A 10% neopentane blend in helium was obtained from
Scott Specialty Gases. This was further purified by being
passed through a commercial OMI-2 indicating purifier
trap (Supelco, Inc.) and a 5 A molecular sieve trap. The
neopentane conversion was carried out in a 10-mm-i.d.
Pyrex tube packed-bed-type reactor operated at near at-
mospheric pressure. The catalyst bed consisted of 200 mg
of sample diluted in 1 g of «-alumina. The inlet feed streams
were mixed and then preheated in an a-alumina bed before
flowing through the catalyst bed. The samples were rere-
duced at 400°C for 30 min (under the hydrogen and balance
helium gas flows) and cooled to the initial reaction tem-
perature, and then the neopentane blend was introduced.
The reaction products were analyzed by an on-line Varian
3700 GC equipped with a packed column and a flame ion-
ization detector. The temperature dependence of the reac-
tion over the different catalysts was probed over a range of
30°C. The balance gas was then switched to nitrogen and the
temperature dependence of the reaction was again probed.
The gas flows used were 10 ml/min hydrogen, 10 ml/min
neopentane blend, and 80 ml/min balance gas. The partial
pressures of neopentane and hydrogen in these studies were
1.0 and 10.4 kPa, respectively. The level of conversion was
less than 4% for the studies on all of the platinum catalysts.
Because of the higher activation energies over the palla-
dium catalysts, slightly higher conversions were used over
these catalysts. The level of conversion at the highest tem-
peratures used in these studies were 7.4, 8.0, and 13.2% for
the 2.0 wt%o, the 2.0 wt% back-exchanged, and the 3.0 wt%
Pd/KL samples, respectively. The «-alumina displayed no
activity for neopentane conversion at the reaction temper-
atures used.

The kinetic pressure dependence of the reaction rate was
studied over three catalysts, Pt/KL (3.67 wt%, BE), PUKY
(3.67 wt%, BE), and Pd/KL (2.0 wt%). The temperature of
reaction was held constant and catalytic activity was mea-
sured 20 and 40 min after changing the partial pressures, to
check for steady state/deactivation.
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TABLE 1

Hydrogen Chemisorption and Oxygen Reverse Titration
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TABLE 2
TPD of Hydrogen

Catalyst H/M chemisorption O/M H/M (TPD)
Pt/KL (5.5 wt%) 1.12 0.34 0.94
Pt/CaKL (5.5 wt%) 1.14 0.32 0.98
Pt/BaKL (5.5 wt%) 1.19 0.30 1.22
Pt/LaKL (5.5 wt%o) 1.17 0.30 1.06
Pt/KL (3.67 wt%) 171 0.50 1.86
Pt/KL (3.67 wt%, BE) 1.61 0.53 1.62
Pt/KY (3.67 wt%) 1.34 0.43 111
Pt/KY (3.67 wt%, BE) 1.14 0.49 0.92
Pd/KL (3.0 wt%) 0.72 0.33 0.34
Pd/KL (2.0 wt%) 0.58 0.36 0.49
Pd/KL (2.0 wt%, BE) 0.60 0.39 0.58
RESULTS

Chemisorption

The hydrogen and oxygen uptakes extrapolated to zero
pressure are reported in Table 1. It is seen that all the plat-
inum catalysts are highly dispersed (H/Pt > 1). A compar-
ison of the hydrogen and oxygen uptakes for the 5.5 wt%
Pt series shows that these catalysts have very similar dis-
persion. We observe that for platinum, back-exchange of
the protons generated upon reduction results in a smaller
hydrogen uptake while for palladium the back exchange
results in a larger hydrogen uptake. This point will be dis-
cussed in the context of the electronic modification of the
metal particles in these catalysts. Although the hydrogen
uptake on the palladium catalysts is less than one, EXAFS

70

Hydrogen TPD peak positions (°C)

Catalyst Peak | Peak 11 Peak 111 Peak IV

PUKL (5.5 wt%) 96 144 — —
Pt/CaKL (5.5 wt%) 92 154 — —
Pt/BaKL (5.5 wt%) 90 150 — —
Pt/LaKL (5.5 wt%) 90 156 — —
PUKL (3.67 Wt%) 102 192 — —
Pt/KL (3.67 wt%, BE) 90 174 192

Pt/KY (3.67 wt%) 78 150 276

Pt/KY (3.67 wt%, BE) 78 150 210 300
Pd/KL (3.0 wt%) 78 126 222 —
Pd/KL (2.0 wt%) 78 144 252 —
Pd/KL (2.0 wt%, BE) 90 168 240 312

of these samples suggest that these are highly dispersed.
The first shell coordination numbers determined from EX-
AFS are 3.4 and 4.4 for the low and high loading samples,
respectively (14), while these are between 5 and 6 for the
platinum samples (15).

TPD of Hydrogen

The TPD of hydrogen over the different catalysts is
shown in Figs. 1, 2, 3, and 4. The integrated peak ar-
eas are reported in Table 1 and the peak positions are
reported in Table 2. The hydrogen desorption temper-
atures for the 5.5 wt% Pt/L-zeolites are similar; how-
ever, a qualitative trend (because of possible particle size
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FIG.1. TPD of hydrogen (5.5 wt% Pt/L-zeolite).
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FIG.2. TPD of hydrogen (3.67 wt% Pt/L-zeolite).

effects) in the amount of hydrogen desorbed can be ob-
served. A comparison of the TPD of hydrogen for the ion-
exchanged and back-exchanged samples of Pt/KL-zeolite
and Pt/KY-zeolite shows that back-exchange results in
higher binding states for hydrogen with a decrease in
the total hydrogen adsorbed. The opposite trend is ob-
served for Pd/KL-zeolite. These trends in the TPD of
hydrogen have been correlated with the activation ener-
gies for neopentane conversion over these catalysts (see
below).

Neopentane Reaction

Deactivation of the catalysts was negligible under the
conditions of the temperature dependence studies. The ob-
served reaction products were methane, ethane, propane,
isobutane, n-butane, and isopentane. Mojet et al. (4) con-
cluded from the analysis of the reaction products by the
Delpot method (16) that the primary reaction products
are methane and isobutane (hydrogenolysis) and isopen-
tane (isomerization). A similar conclusion was reached by
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FIG. 3.

TPD of hydrogen (3.67 wt% Pt/Y-zeolite).
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FIG. 4. TPD of hydrogen (Pd/L-zeolite).

Karpinskietal. (7). We have assumed the following reaction
sequence in order to analyze the reaction products:

neopentane — i-pentane — n-butane 4+ methane
s
i -butane + methane
\

propane + methane

¥

ethane + methane.

This implies that the moles of neopentane undergoing hy-
drogenolysis is equal to the sum of the moles of i-butane,
propane, and ethane produced, and the moles of neopen-
tane undergoing isomerization is equal to the sum of the
moles of i-pentane and n-butane produced. The assumption

that all of the propane and ethane is formed from isobutane
is quite valid, because these products appear only at higher
conversions where isobutane concentration is about two or-
ders of magnitude larger than the n-butane concentration.

Turnover frequencies were obtained by normalizing to
the hydrogen uptake values given in Table 1, for the plat-
inum samples. For the palladium samples, the rates were
normalized to the integrated peak areas from the hydrogen
TPD (also given in Table 1), because EXAFS of the high
loading sample under hydrogen atmosphere (14) showed
lattice expansion indicating bulk hydride formation. It was
observed that the hydrogenolysis and isomerization reac-
tions could be modeled independently by Arrhenius type
parameters. The Arrhenius plots are shown in Fig 5. The ac-
tivation energies and preexponential factors are reported in
Table 3. Changing the balance gas from helium to nitrogen

TABLE 3

Kinetic Parameters

Activation energy (kcal/mol) Preexponential factor

Catalyst Temp. range (°C)  TOF (total) range (sec™t) Hydrogenolysis Isomerization Hydrogenolysis Isomerization
Pt/KL (5.5 wt%) 170-200 41E-5-3.1E-4 285+1.0 29.3+14 4.07E+09 1.30E+-09
Pt/CaKL (5.5 wt%) 170-200 5.6E-5-3.2E-4 245+16 27.2+19 6.11E4-07 1.54E+08
Pt/BaKL (5.5 wt%) 170-200 6.2E-5-3.3E-4 234+1.7 255+15 1.79E4-07 2.26E+07
Pt/LaKL (5.5 wt%) 170-200 3.6E-5-2.8E-4 27.0+£0.9 30.3+0.8 7.36E+4-08 2.57E+09
Pt/KL (3.67 wt%o) 170-200 3.6E-5-2.8E-4 289+1.2 29.9+4+1.3 5.43E4-09 2.19E+4-09
Pt/KL (3.67 wt%, BE) 190-220 4.2E-5-4.5E-4 37.2+13 33.1+1.9 1.23E+13 2.10E+10
P/KY (3.67 wt%) 200-230 3.2E-5-5.0E-4 442 +0.7 39.5+0.8 5.53E+15 2.33E+13
PUYKY (3.67 wt%, BE) 230-260 4.2E-5-6.9E-4 52.6+1.2 449+1.1 1.99E+18 4.65E+14
Pd/KL (3.0 wt%) 230-260 2.5E-5-2.4E-3 80.2+1.1 52.5+4.2 1.61E+30 1.82E+17
Pd/KL (2.0 wt%o) 230-260 3.3E-5-2.5E-3 782+1.6 50.5+3.8 2.46E+29 4.29E+16
Pd/KL (2.0 wt%, BE) 250-280 5.2E-5-2.3E-3 75.0+15 441+15 8.94E+-26 2.28E+13
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Arrhenius plot: total
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FIG.5. Arrhenius plots (@), balance gas helium (O), balance gas ni-
trogen. [For total and hydrogenolysis, from left to right: Pd/KL (2.0 wt%,
BE), P/KY (3.67 wt%, BE), Pd/KL (3.0 wt%), Pt/KY (3.67 wt%), Pt/KL
(3.67 wt%, BE), Pt/KL (3.67 wt%), Pt/BaKL-(5.5 wt%o); for isomeriza-
tion: Pt/KY (3.67 wt%) and Pd/KL-(3.0 wt%) are interchanged in above
ordering.]

had no effect on the activity of the catalysts as can be seen
from the Arrhenius plots. The isomerization selectivity is
observed to be a function of the reaction temperature, be-
cause of the different activation energies for isomerization
and hydrogenolysis.
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A compensation effect was observed in both hydrogenol-
ysis and isomerization reactions. This is shown in Fig 6.
The (apparent) activation energies for both hydrogenol-
ysis and isomerization follow the same trend, i.e., Pt/BaKL
(5.5 wt%) < Pt/CaKL (5.5 wt%) < Pt/LaKL (5.5 wt%) ~
Pt/KL (5.5 wt%) ~ Pt/KL (3.67 wt%) < Pt/KL (3.67 wt%,
BE) < PUKY (3.67 wt%) < PU/KY (3.67 wt%, BE), and
Pd/KL (2.0 wt%, BE)<Pd/KL (2.0 wt%) < Pd/KL
(3.0 wt%). Pd/L-zeolites show the opposite trend of Pt/L-
zeolitesin the variation of activation energies with Brgnsted
acidity. Karpinski et al. (7) have reported activation of
energies of 77.7 and 81.1 kcal/mol for Pd/KL-zeolite and
Pd/CaKL-zeolite, respectively, which is in agreement with
this observation. The isokinetic temperatures were calcu-
lated from the compensation plots to be 300 and 298°C for
the platinum samples, and 43 and 163°C for the Pd/KL-
zeolite samples, for the hydrogenolysis and isomerization
reactions, respectively.

The Kinetic pressure dependence of the reaction rate
over Pt/KL (3.67 wt%, BE), Pt/KY (3.67 wt%, BE) and
Pd/KL (2.0 wt%) is shown in Fig. 7. The reaction orders for
partial pressures of hydrogen (calculated for excess hydro-
gen, i.e.,, Pu, > 10.4 kPa) and neopentane are reported in
Table 4.

DISCUSSION

Diffusion Considerations

There are three indications that the rate-limiting step of
neopentane conversion, under the conditions of the temper-
ature dependence studies, is not the diffusion of reactants
in the zeolite pores. First, the Koros-Nowak criterion (17)
is satisfied by the two different loadings of platinum and
palladium on KL-zeolite (before back exchange). Second,
there is no effect of changing the balance gas from helium
to nitrogen on catalytic activity, which might be expected
to be affected in a manner similar to binary diffusion if the
reaction were transport limited (18). Third, the neopentane
conversion shows reaction orders close to unity in the par-
tial pressure of neopentane. Therefore, we take asaworking
hypothesis that the neopentane conversion is not diffusion
controlled, and seek an alternate explanation for the large
difference in activation energies and the different response

TABLE 4

Reactant Pressure Dependence

Hydrogenolysis Isomerization
Catalyst Reaction temp. (°C) Exponent for Preoy  Exponent for Py, Exponent for Preoy  Exponent for Py,
Pt/KL (3.67 wt%, BE) 205 0.77 £0.05 —-212+0.1 0.81+0.08 —2.23+0.6
Pd/KL (2.0 wt%) 250 0.65+0.03 —3.99+0.3 0.78 £0.07 —-1.92+0.2
Pt/KY (3.67 wt%, BE) 250 0.92+0.02 —259+0.2 0.89 +0.03 —2.49+0.2
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FIG.6. Compensation effect.

to changes in acidity for platinum and palladium supported
on L-zeolite.

The enhanced activation energies for neopentane conver-
sion over Pd/L-zeolite catalysts was attributed previously
(7) to a single-file diffusion effect (19). This assumes that
under reaction conditions, the pores of the L-zeolite are

TABLE 5

TOF (total) (s72)

Partial pressure (kPa)

Pd/KL Pt/KL Pt/KY
Hydrogen Neopentane (2.0wt%) (3.67 wt%, BE) (3.67 wt%, BE)

6.5 1.00 2.7E-3 2.7E-4 5.9E-4
8.2 1.00 1.3E-3 2.1E-4 3.8E-4
104 1.00 5.1E-4 1.8E-4 2.5E-4
129 1.00 2.1E-4 1.1E-4 1.4E-4
15.2 1.00 1.1E-4 8.3E-5 9.8E-5
175 1.00 7.3E-5 6.0E-5 7.0E-5
104 0.57 8.0E-5 5.3E-5 5.8E-5
104 0.78 1.0E-4 6.6E-5 7.7E-5
104 121 1.3E-4 9.2E-5 1.1E-4
104 1.43 1.5E-4 1.1E-4 1.3E-4

plugged with neopentane (and product) molecules, and the
enhanced activation energies reflect the greater mobility of
the reactant molecules at higher temperatures. The length
of the channel (from the pore mouth) where exchange with
the gas phase occurs easily increases with temperature, be-
cause of decreased physisorption and increased mobility
of the molecules, resulting in an increase in the apparent
activation energy. However, the positive reaction orders
in neopentane partial pressure observed, for neopentane
conversion over these catalysts, are not consistent with this
possibility. Figure 8 plots the selectivity toward secondary
and tertiary hydrogenolysis (calculated as the sum of the
moles of n-butane, propane, and ethane, divided by the sum
of the moles of i-butane, i-pentane, n-butane, propane, and
ethane) vs turnover frequency. It is seen that the tendency
to undergo secondary hydrogenolysis is similar for plat-
inum on L- and Y-zeolites, and different for palladium on
L-zeolite. Generally, secondary reactions are increased un-
der diffusion-controlled conditions, but the Pd/KL catalysts
show less secondary product than the platinum catalysts.
This is further evidence against a single-file diffusion effect
in L-zeolite for neopentane conversion.
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Hydrogen pressure
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FIG. 7.
Reaction Mechanism

The proposed mechanisms for the skeletal rearrange-
ment of hydrocarbons over platinum group metals have
been reviewed by Clarke and Rooney (20) and Gault (21).
Skeletal rearrangement of neopentane is thought to pro-
ceed via a bond shift mechanism. It has been suggested
(22) that if bond shift isomerization involves first carbon-
carbon bond rupture and then carbon-carbon bond re-
combination, a common intermediate should exist, lead-
ing to both hydrogenolysis and isomerization products. In-
deed, we observe the same reaction orders in hydrogen
and neopentane partial pressures for hydrogenolysis and
isomerization, over platinum supported on KL- and KY-
zeolite. Gehrerand Hayek (23), inastudy of model thin-film
catalysts, observed a relative independence of selectivity
toward isomerization on crystallographic orientation and
pretreatment, and concluded that both hydrogenolysis and
isomerization occur via the same adsorbed state involving a
single metal atom. On platinum, the metallacyclobutane in-
termediate is thought to be formed directly (20, 21), which is
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Neopentane pressure
dependence: hydrogenolysis
35
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log p (Pa)
Neopentane pressure
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Partial pressure dependence. () Pt/KL (3.67 wt%, BE), (®) Pt/KY (3.67 wt%, BE), (O) Pd/KL (2.0 wt%).

then converted to products via olefin metathesis rearrange-
ment. The observed reaction orders of ~—2 in hydrogen for
Pt/KL-zeolite are consistent with the formation of a metal-
lacyclobutane intermediate, using the model proposed by
Garin and Gault (24) for hydrocarbon adsorption involving
bimolecular dehydrogenation steps, i.e.,

CsHyp (9) + H (@) < CsHyi (a) + H2 (9) [1]

CsHy1 (@) + H (@) < CsHypo (@) + H2 (9). [2]
Therefore,

@Np=K1XK2XPNpXP|:|22X®2, [3]

where hydrogen coverage, ®, is practically constant. The
slow step is then the conversion of the adsorbed species to

products, i.e.,
rate = k x Opp.

[4]

The Pt/KY-zeolite exhibits reaction orders of ~—2.5
in hydrogen partial pressure for hydrogenolysis and
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FIG. 8. Selectivity toward secondary (and tertiary) hydrogenolysis vs
TOF. (A) Pd/KL (3.0 wt%), (O) Pd/KL (2.0 wt%), (O) Pd/KL (2.0 wt%,
BE), (<) Pt/KL (3.67 wt%), (A) PUKL (3.67 wt%, BE), (W) Pt/BaKL
(5.5 Wt%), (@) PUKY (3.67 wt%), (#) Pt/KY (3.67 wt%, BE).

isomerization. This suggests that the adsorbed intermediate
is more dehydrogenated, possibly involving an additional
unimolecular dehydrogenation step, i.e.,

CsHyo (@) <> CsHyg (a) + H (@) [5]
H (@) +H (@ < Hz (9). [6]

Therefore,
Onp = K1 x Kp x Pyp x P32° x OF. |

As is discussed in the next section, since the activation
energy increases with the enthalpy of adsorption. The ad-
sorbed species on the Pt/Y-zeolite samples are more dehy-
drogenated than the adsorbed species on the Pt/L-zeolite
samples. This may be the reason that the activation energies
for neopentane conversion over the Pt/Y-zeolite samples
are larger than those for Pt/L-zeolite samples.

Palladium is unable to promote the direct formation
of the metallacyclobutane intermediate. Early work on
neopentane conversion over palladium films reported ini-
tial isomerization activity which dies off very quickly (25,
26). Since this deactivation was probably caused by sulfur
poisoning, this suggests that the isomerization requires an
ensemble of more than one metal atom. Since isomerization
of neopentane is observed over highly dispersed palladium
supported on both Y-zeolite (27) and L-zeolite (7; present
work), this suggests that the required ensemble may be as
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small as two adjacent palladium atoms. The Pd/KL cata-
lyst shows the same orders in reactant partial pressures as
the Pt/KL catalyst for the isomerization reaction, i.e., ~—2
and 0.8 in hydrogen and neopentane, respectively. There-
fore the reaction pathway for isomerization probably pro-
ceeds via a diadsorbed intermediate state («y diadsorbed
on two adjacent metal centers). The reaction orders for the
hydrogenolysis reaction are ~—4 in hydrogen partial pres-
sure and 0.64 in neopentane partial pressure. The enhanced
apparent activation energies for hydrogenolysis are related
to the high negative order in hydrogen partial pressure.
Correlations between apparent activation energies and the
order in hydrogen partial pressure (i.e., the more negative
the order in hydrogen, the higher the apparent activation
energy) have been observed previously (24, 28) for hydro-
carbon reactions over metals. Garin and Gault (24) have
reported apparent activation energies of 71 kcal/mol, for
n-pentane isomerization over a Pt/alumina catalyst, where
the observed order in hydrogen partial pressure was —3.4.
High negative orders (~—3.6) in hydrogen partial pressure
have been observed previously by Juszczyk and Karpinski
(29) for neopentane hydrogenolysis over Pd/silica catalysts.
Although the high negative order in hydrogen partial pres-
sure for neopentane hydrogenolysis over Pd/L-zeolite can
arise from extensive dehydrogenation of the adsorbed in-
termediate, this does not explain the decrease in the partial
pressure dependence of neopentane. A second possibility,
suggested by a comparison of the reaction orders for hy-
drogenolysis and isomerization, is that the dominant path-
way for hydrogenolysis over these catalysts proceeds via
a transition state formed from two adsorbed neopentane
molecules, i.e.,

rate = k x ©%p. [8]

It is now well accepted that the skeletal rearrangement of
hydrocarbons can take place through multiple pathways,
with a particular pathway dominating under a given set
of conditions. Bimolecular reactions have previously been
postulated for the isomerization of butanes over sulfated
zirconia catalysts (30, 31). Recent work in our lab (14) sug-
gests that the L-zeolite support promotes the formation of
a highly specific disc-like morphology of the metal parti-
cles. It is possible that in this morphology the neopentane
molecules are adsorbed adjacent to each other such that a
bimolecular reaction is facilitated. Therefore, the enhanced
activation energies observed for these catalysts may be due
to a transition state formed from two adsorbed neopentane
molecules.

Compensation Effect

A compensation effect for neopentane conversion over
supported palladium catalysts has been reported previously
by Karpinski et al. (7). In the present study, compensation
effects are observed for zeolite-supported platinum and
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palladium catalysts. Galwey (32) has reviewed various mod-
els proposed to explain compensation effects in heteroge-
neous catalysis. However, there is still no clear understand-
ing of these phenomena [for more recent reviews, see Bond
(34) and Linert et al. (35)].

Gault (21) has proposed that since the dehydrogenation
steps in the adsorption of alkanes (Egs. [1], [2], and [5])
are endothermic, the enthalpy changes for the dehydro-
genation steps will contribute to the observed activation
energies. The following model, based on ideas expressed
by Bond in a recent communication (35), can explain the
compensation effects observed in the present study. Bond
(35) has pointed out that for reactions proceeding via an
adsorbed intermediate the enthalpy of adsorption will con-
tribute to the observed activation energy. This is depicted in
Fig. 9, where itisseen that different enthalpies of adsorption
(AHg41 and AHjy,) can lead to different activation energies
(Eun and Ey,), assuming that both reactions proceed via a
similar transition state. If the formation of the adsorbed
species is assumed to be at equilibrium (Egs. [1], [2], and
[5]), then for the case of the unimolecular rearrangement

Reaction pathway.

of an adsorbed molecule (Eq. [4]),

rate = k x Onp = A x eXp(—E¢/RT) x Onp. [9]
The concentration of the adsorbed intermediate can be re-
lated to the enthalpy of adsorption by the vant Hoff rela-
tionship, i.e.,

AG, = AH; — TAS = RTIn(K,). [10]
From Eqgs. [9] and [10], we get
rate = {A x exp(AS/R)}

x {exp((—E¢ + AHa)/RT)} x Onp.  [11]

Therefore, as pointed out by Bond (35), the enthalpy of
adsorption contributes twice to the apparent activation
energies observed, both in the magnitude of E; and in
the effect on the equilibrium concentration of the ad-
sorbed species at the reaction temperature. If the free en-
ergy changes upon adsorption (AG,) are similar over the
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different catalysts, then the larger the enthalpy changes
upon adsorption (AH,) the larger the entropy difference
(AS,), which contributes to the preexponential factor as
shown in Eq. [11]. Therefore an increase in the appar-
ent activation energy will be compensated by an increase
in the preexponential factor, leading to a compensation
effect.

Electronic Modification of the Metal Particles

Platinum and palladium supported on KL-zeolite have
similar activation energies and preexponential factors for
the high and low loadings, respectively. However, back
exchanging for the protons with K* had a big effect on
these parameters for the platinum and palladium catalysts.
Figure 10 shows the infrared absorption in the hydroxyl
stretching region for the different samples (36). From this it
isseen that the back exchange is successful in removing all of

PUKL~(5.5 wt%)

PtKL-(3.67 wt%)
PYKL-(3.67 wt%, BE)

PA/KL-(3.0 %)

Pd/KL-(2.0 wt%)

Pd/KL-(2.0 wt%, BE)

PUBaKL-(5.5 wt%)
MM Pt/CaKL~(5.5 wt’)
PLaKL~(5.5 wt%)

"w

Pt/KY-(3.67 wt%, BE)

absorbance

3800 3700 3600 3500 3400
wavenumber, cm™
FIG. 10. Infrared absorption in hydroxyl stretching region.
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the Bronsted acidity (at ~3746 cm™1) generated in the ion-
exchange preparation. The Pt/KL- and Pt/KY-zeolite sam-
ples and the Pd/KL-zeolite samples show opposite trends
in the amount of hydrogen chemisorbed with variation
in Brgnsted acidity. A comparison of the chemisorption
and TPD of hydrogen for the ion-exchanged samples and
their back-exchanged counterparts indicates that for the
platinum catalysts, back-exchange results in a greater frac-
tion of higher binding energy states for hydrogen and less
total uptake of hydrogen, while the reverse trend is ob-
served for the palladium catalysts. Figure 11 shows the nor-
malized EXAFS chi functions for the ion-exchanged and
back-exchanged catalysts (15). This indicates that there is
negligible effect of the back exchange on the metal par-
ticle size and/or distribution, and that the changes in ac-
tivation energies and hydrogen chemisorption are due to
an electronic modification of the metal particles by the
interaction with the support. The decreased chemisorp-
tion of hydrogen for palladium catalysts in the pres-
ence of Brgnsted acidity has been reported previously by
Xu et al. (37).

A qualitative trend (because particle size effects cannot
be completely excluded) in the TPD of hydrogen can also be
observed in the Pt/L-zeolite (5.5 wt%) samples, where the
total desorption of hydrogen changes with the exchanged
cation. For the 5.5 wt% platinum samples on L-zeolite, the
activation energies and preexponential factors are similar
for the Pt/KL- and Pt/LaKL samples, and for the Pt/BaKL
and Pt/CaKL samples. From Fig. 10, it can be seen that
the Brgnsted acid peak positions are similar for the Pt/KL
and Pt/LaKL samples, and for the Pt/CaKL and Pt/BaKL
samples. It has been observed previously (38) that upon
calcination, Ba?* and Ca?* have a much higher occupation
of site B positions (located at the center of the cancrinite
cage) than La®", which preferentially populates site A po-
sitions (located at the center of the hexagonal prism). The
similar activity of Pt/KL and Pt/LaKL-zeolites may be re-
lated to the low occupation of the site B positions by the
La3* ions, i.e., it appears that the cations present in the
site B positions may be responsible for the lower Brgnsted
acid hydroxyl stretching frequencies and the lower acti-
vation energies over the Pt/CaKL- and Pt/BaKL-zeolite
samples.

Itis observed that the greater the fraction of higher bind-
ing energy states of hydrogen for a set of similar catalysts
(or alternatively, the less the hydrogen uptake), the higher
the observed apparent activation energy. This is in agree-
ment with the proposed model, since an increase in the
binding energy for hydrogen would increase the endother-
micity of the dehydrogenation steps. Therefore, it appears
that the difference in activation energies reflects the elec-
tronic perturbation of the metal particles by the support,
and the resulting change in the enthalpy of adsorption of
the reactants.
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FIG.11. EXAFS data (14).
CONCLUSION ported on KL-zeolite. It is concluded that the neopen-

tane conversion, under the conditions of the temperature-
Neopentane conversion has been studied over plat- dependence studies, is not diffusion limited. The reaction
inum supported on L- and Y-zeolites, and palladium sup- ordersin hydrogen and neopentane are in agreement with a
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metallacyclobutane («,y-diadsorbed) adsorption interme-
diate for neopentane conversion over the platinum cata-
lysts. Activation energies for Pt/L-zeolites are smaller than
those for Pt/Y-zeolites. This may be due at least partly to a
greater degree of dehydrogenation of the adsorbed inter-
mediate over the latter. Neopentane hydrogenolysis over
Pd/L-zeolites, which display enhanced activation energies
(75-80 kcal/mol) and very high negative orders in hydro-
gen (~—4), are proposed to be due to a reaction path-
way involving two adsorbed neopentane molecules. Com-
pensation effects are observed for the hydrogenolysis and
isomerization of neopentane over the palladium and plat-
inum catalysts. Over a set of similar catalysts, activation
energies increase with increase in the binding energy of
hydrogen. This is attributed to electronic modification of
the metal particles by the interaction with protons and/or
charge-compensating cations. Pd/L-zeolites show the oppo-
site trend of Pt/L-zeolites in the variation of activation ener-
gies with Brgnsted acidity and cation exchange. However,
since reaction temperatures are well above the isokinetic
temperatures for Pd/L-zeolite, they show the same trend in
activity.
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