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n-Hexane conversion over zeolite-supported platinum catalysts
has been studied at 360°C in a packed bed reactor. In the absence
of sulfur impurities, the deactivation appears to be due to two types
of coke formation. The propensity for terminal hydrogenolysis is
primarily determined by the particle morphology, i.e., the type of
surface sites exposed. The increase in benzene selectivity correlates
with a shift to lower stretching frequencies of the CO absorption
bands, indicating that an increase in the electron density at the
surface metal atoms results in higher benzene selectivity. The ef-
fect of the support in the high activity and aromatization selectiv-
ity of a monofunctional platinum catalyst for n-hexane conversion
is observed to be twofold, i.e., the stabilization of extremely small
metal particles of specific morphology under reaction conditions
and metal-support interaction, resulting in an increased electron
density over the metal particles.  © 1998 Academic Press

INTRODUCTION

Since the initial report by Bernard (1) about the re-
markable aromatization properties of small platinum clus-
ters in nonacidic L-zeolite, different hypotheses have been
put forward to explain the high aromatization selectivity
of these catalysts (2-6). Tauster and Steger (2) correlated
high benzene selectivity with the propensity for terminal hy-
drogenolysis and proposed that the linear channels of the
L-zeolite favor n-hexane adsorption at the terminal carbon
atom, leading to increased benzene formation. Derouane
and Vanderveken (3), based on molecular simulations of
the van der Waals interactions between n-hexane molecules
and the L-zeolite pore walls, proposed that the high benzene
selectivity was due to the preorganization of the n-hexane
molecule as a pseudocycle leading to (1, 6) ring closure.
However, subsequent research showed that comparable
benzene selectivities could be obtained over platinum sup-
ported on magnesia (7), in which no such preorganiza-
tion/collimating effects can be expected. Mielczarski et al.
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(4) observed that the correlations between the high benzene
selectivity and terminal cracking can be extended to plat-
inum supported on faujasite, silica, and microporous car-
bon, and concluded that the high aromatization selectivities
observed over monofunctional platinum catalysts are inde-
pendent of support microporosity. Iglesia and Baumgartner
(5) reported that both Pt/K L-zeolite and Pt/silica have com-
parable initial selectivities for aromatization, but the inhib-
ited deactivation of the former retains the intrinsic activity
and selectivity, while the deactivation caused by coking on
the Pt/silica decreases both the activity and aromatic selec-
tivity of these catalysts. A similar conclusion was reached by
Sharma et al. (6) based on microcalorimetric and C** NMR
studies of CO adsorption before and after n-hexane con-
version over Pt/BaK L-zeolite and Pt/silica catalysts. These
studies (4-6) suggest that the high propensity for terminal
adsorption, which correlates with the aromatization selec-
tivity, is an intrinsic function of clean platinum surfaces.
Paal and coworkers (8-12) have studied n-hexane conver-
sion in a closed loop recirculation reactor system, at tem-
peratures (~603 K) much lower than in typical reforming
conditions and subatmospheric pressures. Under these con-
ditions, methylcyclopentane (MCP) and methylpentanes
(MP) are the major products, and the benzene selectivity
is usually less than 30% for most samples. Paal (13, 14) has
proposed that the ratio of MCP to MP is a measure of the
abundance of surface hydrogen, with lower concentrations
of surface hydrogen leading to a higher MCP to MP ratio.
Therefore, higher MCP to MP ratios can be expected to cor-
relate with increased benzene selectivity (13, 14). Although
interesting correlations such as the increased benzene se-
lectivity with increase in the terminal cracking (2, 4), inhib-
ited deactivation of the catalysts (5, 6), and increase in the
MCP to MP ratio (13, 14) have been proposed, n-hexane
conversion over monofunctional platinum catalysts is still
not completely understood due to the interplay of both
electronic and geometric effects. In the present study we
have investigated deactivation profiles for n-hexane con-
version over zeolite supported platinum in a packed bed
reactor configuration under reaction conditions similar to
that used in the studies by Paal and co-workers (8-12).
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Electronic effects and effects of particle morphology in
these catalysts were probed using the infrared absorption
of carbon monoxide (CO) adsorbed on the metal particles.

The CO stretching frequency is an excellent indicator
of the manner in which the CO molecule is bound to the
substrate, and this technique has been extensively used to
characterize supported metal catalysts (15-21). The differ-
ent absorption bands for CO adsorbed on transition metal
surfaces have been classified as follows (15). Absorption
bands between 2130 and 2000 cm~* have been assigned
to linearly adsorbed CO species, bands between 2000 and
1880 cm~! to twofold or bridging species, and bands be-
tween 1880 and 1650 cm™! to CO adsorbed on multicen-
ter adsorption sites. In the generally accepted view of CO
chemisorption on transition metals (22, 23), the CO is coor-
dinatively bonded to the metal atom via the 5S¢ orbital, and
the d orbitals of the metal atom backdonate charge to the
27* orbital, which is M—C bonding and C-O anti-bonding.
An increase in the electron density of the metal d orbitals
results in an increased occupation of the 2z * orbital, weak-
ening the C-O bond. This can be observed in the infrared of
adsorbed CO as a shift of the CO absorption bands to lower
frequencies. Also, van Santen (24) has recently proposed
that an increase in electron density leads to an increase in
the bridged to linear adsorbed CO species. The CO stretch-
ing frequency can therefore be used to probe the electron
density on the adsorbing metal atoms. However two types
of electronic effects need to be distinguished. An electronic
perturbation of the metal particles can result from a charge
transfer to or from the support. For example, in recent re-
search in our laboratory, we observed that the addition of
trace amounts of water results in a shift to lower frequen-
cies of the CO absorption bands, which we interpreted as
an increase in the electron density of the metal particles,
resulting from a perturbation of the metal-support inter-
action (25). A second type of electronic effect is related to
the morphology of the metal particles and the structure of
the metal surface exposed. Surface atoms have an incom-
plete set of next nearest neighbor metal atoms. Blyholder’s
model (26) predicts that the more coordinatively unsatu-
rated the adsorbing metal atom (i.e., the less the number
of nearest neighbor metal atoms) the lower will be the CO
stretching frequency. Greenler et al. (27) have correlated
the CO stretching frequencies on a series of Pt/silica cata-
lysts having different average particle sizes with the rela-
tive number of face, corner and edge atoms (Cg, Cg, and
C¢, in the notation of van Harteveld and Hartog (28) calcu-
lated for the average particle size. More recently, Kappers
and van der Maas (29) have proposed a correlation be-
tween the linear CO stretching frequencies and the metal
coordination number of the adsorbing atom. Therefore, the
infrared of adsorbed CO is a sensitive probe of both elec-
tronic effects and effects of particle morphology. One draw-
back of this technique is the dipole-dipole coupling between
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the adsorbed CO molecules, first reported by Eischens
et al. (30), and recently reviewed by Hollins and Pritchard
(31, 32). Dipolar coupling can result in shifts to higher fre-
quencies, changes in the molecular absorption coefficients
of the adsorbed species, and intensity transfers from lower
frequency bands to higher frequency bands (31, 32), and this
can complicate the interpretation of the infrared spectra. In
the present study, we have subjected saturation uptakes of
CO at room temperature (RT) to equilibration at differ-
ent temperatures (100, 200, and 300°C) in an inert gas. This
treatment results in both a redistribution and a net desorp-
tion of adsorbed CO, and in this way the coverage depen-
dence of CO stretching frequencies has been studied over
these catalysts. The CO infrared experiments have been
used to probe both the electronic state and the surface sites
exposed for CO adsorption over our zeolite supported Pt
catalysts. We have attempted to correlate the results of the
n-hexane conversion studies with the CO infrared studies to
distinguish between electronic effects and effects of particle
morphology for n-hexane conversion over these catalysts.

EXPERIMENTAL

Catalyst Preparation

The catalysts used in this study and their hydrogen
chemisorption uptakes (extrapolated to zero pressure) are
reported in Table 1. The BaKL-zeolite suppdrt was pre-
pared by ion-exchanging the Ba?* into K L-zeolite and cal-
cining to induce ion migration to the locked cages, prior to
metal loading. Platinum was incorporated by ion-exchange
(IE) using tetraamine platinum nitrate precursor. In two of
the samples, the Bregnsted acidity generated upon reduc-
tion of the ion-exchanged precursor was back-exchanged
(BE) with K. Infrared absorption spectra of the hydroxyl
stretching region (reported elsewhere (33)) confirms that
the back-exchange was successful in exchanging all of the
Brgnsted acidity. Furthermore, a comparison of the X-ray
absorption fine structure (XAFS) chi functions of the ion-
exchanged and the back-exchanged samples indicates that
the particle morphology remains unchanged upon back-
exchange of the protons for K* (33). First shell coordination
numbers determined from XAFS are ~5 for the 3.67 wt%

TABLE 1
Hydrogen Chemisorption Uptakes (H/M)

Catalyst HM
Pt/BaKL-(5.5 wt%) 1.19
Pt/KIL~(5.5 wt%) 1.12
Pt/KL-(3.67 wt%) 1.71
Pt/KL-(3.67 wt%, BE) 1.61
Pt/KY-(3.67 wt%) 1.34
Pt/KY-(3.67 wt%, BE) 1.14
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Pt/L-zeolite samples and ~6 for the 5.5 wt% Pt/BaKL and
the 3.67 wt% Pt/Y-zeolite samples (34), indicating the for-
mation of very small metal particles. Calculations of the
variation of XAFS coordination numbers with particle size
for different particle morphologies (34) indicates an aver-
age particle size for the 3.67 wt% Pt/L-zeolite samples of
~12 atoms and for the 5.5 wt% Pt/BaKL and the 3.67 wt%
Pt/Y-zeolite samples of ~18 atoms. This is consistent with
the hydrogen chemisorption results (H/M > 1). Details of
the catalysts preparation and hydrogen uptake measure-
ments have been reported elsewhere (33, 35).

CO Infrared Studies

A 1000 ppm CO in helium blend was obtained from Scott
Specialty Gases. This was further purified using a 5A mole-
cular sieve trap (Supelco) to remove trace CO; and water
impurities. Ultra high purity hydrogen and helium were fur-
ther purified by an Oxysorb purifying trap (Supelco) and an
OMI-2 indicating-purifying trap (Supelco). The controlled
atmosphere infrared cell was equipped with CaF, windows
and was capable of in-sifu heating and cooling of the sample.
The catalyst samples (~20 mg) were pressed into 13-mm di-
ameter self-supported wafers before loading in the infrared
cell. Transmission infrared spectra of adsorbed CO were
acquired on a MIDAC M-series Fourier transform infrared
(FTIR) spectrometer at a resolution of 2 cm™, by coadding
256 scans (~10 min total scan time).

The samples were heated to 400°C and rereduced at this
temperature for 30 min under flowing hydrogen (40 cc/min).
The flow was then switched to helium (40 cc/min) and the
cell was purged with helium for 1 h at 400°C before cooling
to RT. The flow was then switched to the CO/He biend
(40 cc/min) until saturation uptake was reached (<30 min)
and the infrared spectrum was obtained in the CO atmo-
sphere. The flow was then switched to helium and the CO
adsorption spectrum was obtained after a 30-min purge
(at RT) in helium. Following this, the adsorbed CO was
equilibrated at 100°C in an inert gas (helium). The catalyst
was heated to 100°C (at 5 K/min) and maintained at this
temperature for 30 min in flowing helium. The catalyst was
then cooled to RT and the infrared spectrum of the undes-
orbed/redistributed CO was obtained. The flow was then
switched to the CO/He blend and the infrared spectrum
of the saturated CO uptake was obtained to check that
the metal particles were unaffected by this treatment. This
procedure was repeated for equilibration temperatures of
200 and 300°C. Peak positions were determined using the
second derivatives technique described by Kappers and
van der Maas (29). Second-order derivatives were calculat-
ed using a 15-point Savitzky—Golay derivative function (36).

n-Hexane Conversion

A 1.06% (by volume) blend of n-hexane in ultra high
purity (UHP) helium was obtained from Matheson Gases.
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This was further purified using an OMI-2 indicating—
purifying trap (Supelco) to remove trace impurities, espe-
cially sulfur-containing compounds. Ultra high purity hy-
drogen (Connecticut Airgas) was further purified using
an Ogxiclear purifying trap (Labclear Inc.) and an OMI-2
indicating—purifying trap (Supelco). The gas flow rates used
were 42 cc/min for the n-hexane/He blend and 8 cc/min
for hydrogen, corresponding to partial pressures of 7 and
125 Torr of n-hexane and hydrogen, respectively. The gases
were premixed and passed through a preheating bed of
a-alumina before reaching the catalyst bed. The reaction
was carried out at atmospheric pressure in 4 mm ID Pyrex
reactors in a packed bed configuration. The products were
analyzed using an on-line gas chromatograph (Varian 3700)
equipped with a flame ionization detector and a 30 ft, 23%
SP™.1700 on 80/100 Chromosorb PAW support column
(Supelco), which was unable to separate the lower (C; and
() alkenes from the corresponding alkanes, but which oth-
erwise gave adequate resolution of the products.

Between 10 and 80 mg of sample (adjusted to have an
initial n-hexane conversion of ~40%) was diluted in ¢-alu-
mina to 200 mg. The catalyst was heated to 400°C, rereduced
at this temperature for 30 minutes and then cooled to the
reaction temperature (360°C) in 8 cc/min flow of hydrogen.
After the reactor was stabilized at the reaction tempera-
ture, the n-hexane/He blend (42 cc/min) was admitted. The
product stream was sampled after'10 min on-stream and
then subsequently every 50 min for 5 h, and the catalyst
deactivation was followed.

RESULTS
CO Infrared Studies

The absorption spectrum of the saturation CO uptake at
RT following the highest temperature treatment (300°C) is
identical to that after initial adsorption of CO at RT, con-
firming that the metal particle dispersions are not affected
by the heating of the samples to these higher temperatures
in an inert gas. The infrared absorption spectrum after sat-
uration uptake obtained in the CO atmosphere is almost
identical to that after a 30-min purge in helium, indicating
that the CO is strongly chemisorbed on the metal parti-
cles. Figures 1a—f show the infrared absorption spectra of
CO adsorbed at RT (saturation uptake followed by 30 min
helium purge) and after equilibrating the CO (saturated
uptake at RT) at higher temperatures in flowing helium
for the different catalysts. Peak positions of the different
CO absorption bands, corresponding to different adsorbed
CO species, were determined using second derivatives of
the absorption spectra (29). These are reported in Table 2.
Equilibration of saturated uptakes (at RT) of CO at higher
temperatures in helium resulted in both a redistribution
and a net desorption of adsorbed CO. In particular, equili-
bration at the intermediate temperatures (100 and 200°C)
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FIG. 1.

CO absorption spectra after helium purge at RT and after equilibrating RT saturation uptakes of CO at higher temperatures in inert gas

(helium) flow: a. Pt/BaL-(5.5 wt%); b. P/KL-(5.5 wt%); ¢. Pt/KL~(3.67 wt%); d. Pt/KL-(3.67 wt%, BE); e. Pt/KY-(3.67 wt %); f. P/KY-(3.67 wt%, BE).

results in anincrease in the intensity of the absorption bands
at ~1992 and 1946 cm ™. This indicates an activation energy
barrier to the adsorption of these species. From Table 2, it
is seen that the absorption bands corresponding to linearly
adsorbed CO are shifted to lower frequencies upon equili-
bration at higher temperatures, because of reduced dipole—
dipole coupling effects, as a result of the net desorption of
CO. The absorption spectra after equilibration at 300°C in
helium are compared in Fig. 2.

n-Hexane Conversion

The conversion of n-hexane reactant and the turnover
frequencies (TOF), normalized to the hydrogen chemisorp-
tion uptakes in Table 1, have been plotted against the time-
on-stream (TOS) in Figs. 3a and 3b, respectively, for the
different samples. From these figures it can be seen that the
catalyst samples deactivate under the reaction conditions
used. Zeolite-supported platinum catalysts are extremely
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sensitive to any sulfur compounds in the feed (37, 38). How-
ever, since any trace sulfur impurities would have been re-
moved by the on-line traps, the deactivation in this case can
be ascribed entirely to coking.

Figures 4a-h plot the selectivities (wt%) to different
products versus TOS for the different samples. It is ob-
served that after an initial period (~100 min TOS) these
selectivities remain almost unchanged, except in the case of
the hexene product (Fig. 4h), where the selectivity is seen
to increase with TOS. The ratio of hexenes to n-hexane

is plotted in Fig. 5. It is observed that the ratio of hex-
enes to n-hexane remain almost constant for the different
samples, suggesting that the hexenes in the product stream
are thermodynamically equilibrated. Indeed, the equili-
brium constant for n-hexane dehydrogenation to 1-hexene
(calculated using TAPP Version 2.2, EMS Software Inc.) is
K. = 3.21 x 1073, which gives a hexene to n-hexane ratio
of 0.02 for a hydrogen partial pressure of 0.16 (correspond-
ing to the inlet flowrate of hydrogen), and the lower hex-
ene to hexane ratio observed for the samples having higher
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benzene selectivity is consistent with the expected increase
in the partial pressure of hydrogen upon dehydrogenation
of n-hexane to benzene.

Product distribution patterns, i.e., the ratio of n-pentane
to the sum of propane, n-butane, and n-pentane, i.e., n-Cs/
(G5 +1n-C4+n-Cs), the MCP to MCP plus isomer ratio, i.e.,
MCP/(MCP + MP), the 2MP to 3MP ratio, and the ratio of
benzene to Cs cyclization products are plotted against the
TOS in Fig. 6. Benzene selectivities over the different cata-
lysts were observed to correlate with the infrared stretching

frequency of linearly adsorbed CO (at the lowest coverages,

i.e., after equilibration at 300°C in helium). This is shown
in Fig. 7.

DISCUSSION

CO Infrared Studies

From Figs. 1a, 1b, and 1c and Table 2 it can be seen
that the Pt/BaKL-(5.5 wt%), Pt/KL-(5.5 wt%), and Pt/KL-
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TABLE 2

Peak Positions Determined by Second Derivatives Technique (29)

Peak positions, cm ™

Catalyst
PYBaKL-(55wt%)
RT 2122 2074 —
100°C (2120) 2074 —
300°C — 2064 —
PYKL-(5.5 wt%)
RT (2121) 2074 —
100°C —_ 2072 —
200°C — 2068 —
300°C — 2061 —
PYKL~(3.67 wt%)
RT (2121) 2075 —
100°C — 2073 —
200°C — 2069 —
300°C — 2062 —
PYKL-(3.67 wt%, BE)
RT — 2075 —
100°C — 2075 —
200°C — 2067 2037
300°C — 2056 2037
PYKY-(3.67 wt%)
RT —_ 2061 —
100°C — 2059 —
200°C — 2054 —
300°C — 2048 —
PYKY-(3.67 wt%, BE)
RT — 2046 (2012)
100°C — 2044 2012
200°C — 2040 —
300°C — 2035 —

1993 — 1856 1786 —
1993 1943 1858 1786 1744
1994 — — — —
1994 — 1855 1787 —
1992 1947 (1857) 1787 1748
1992 1948 — 1788 1744
1992 — — — —
1994 _ 1847 1788 —
1993 1948 — 1789 1749
1993 1948 — 1791 1745
1993 — — — —
1992 1943 1825 1787 1758
1992 1946 — 1787 1745
1994 1946 — 1788 1739
1985 1945 — 1788 1739
— — — 1782 —
— - — 1785 —
1994 — — 1785 —
1989 — — 1786 —
— — — 1781 —
— — — 1780 —
1992 — — 1779 1711
1984 — — 1780 1707

(3.67 wt%) samples have very similar CO absorption bands,
suggesting that the surface sites for the adsorption of CO
are very similar over these catalysts (even though the hy-
drogen chemisorption uptakes would suggest different mor-
phologies for the 5.5 and 3.67 wt% Pt/K L-zeolite sam-
ples). The absorption spectra are quite different for the
PUKY-(3.67 wt%) catalyst (Fig. 1e). This indicates that the
morphology of the metal particles formed is strongly influ-
enced by the zeolite pore structure. Comparing the Pt/KL-
(3.67 wt%) and Pt/KL-(3.67 wt %, BE) samples (Figs. 1¢, 1d,
and Table 2), it is seen that the back-exchange causes a shift
of the CO absorption bands to lower frequencies. A com-
parison of the X AFS chi functions of the ion-exchanged and
back-exchanged samples indicates that the back-exchange
procedure does not affect the particle morphology for ei-
ther the Pt/KL and the Pt/KY catalysts (33). Therefore, the
shift in the absorption bands to lower frequencies is at-
tributed to an increase in the electron density of the metal
particles. This interpretation is in keeping with the observed
increase in bridged to linear CO species, as suggested by
van Santen (24). The CO absorption bands over Pt/K Y-
zeolite sample are at lower frequencies compared to the

Pt/L-zeolite samples. Platinum supported on Y-zeolite has
previously been reported to be electron deficient (39, 40).
Also Y-zeolite is generally believed to be more acidic (elec-
tron withdrawing) than L-zeolite. Therefore it is unlikely
that charge transfer from the zeolite support to the metal
particle can account for the increased electron density of
the metal particles in Pt/Y-zeolite samples compared to the
Pt/L-zeolite samples. A more likely explanation is that the
morphology of the metal particles formed has more co-
ordinatively unsaturated surface atoms. The Pt/KY back-
exchanged sample shows a shift to lower frequencies and
anincreased ratio of bridged to linear CO species compared
to the Pt/KY-(3.67 wt%) sample (Fig. 2b), consistent with
an increase in the electron density of the metal particles
upon back-exchanging the protons for K*. From the posi-
tion of the CO absorption bands after equilibration at 300°C
(Figs. 2a and 2b), the order of increasing electron density
of the surface sites exposed was determined as Pt/BaKL-
(5.5 wt%) < Pt/KL-(3.67 wt%) < Pt/KL-(3.67 wt%, BE) <
Pt/KY-(3.67 wt%) <Pt/KY-(3.67 wt%, BE). The first
shell coordination numbers determined from XAFS spec-
troscopy (34) are about 5 for the 3.67 wt% Pt/K L-zeolite
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FIG.2. Comparison of CO absorption spectra after equilibrating RT saturation uptakes of CO at 300°Cin helium. a. 3.67 and 5.5 wt% Pt/L-zeolite

samples. b. 3.67 wt% Pt/L-zeolite and Pt/Y-zeolite samples.

samples and about 6 for the 5.5 wt% Pt/BaK L-zeolite sam-
ple and the 3.67 wt% Pt/K Y-zeolite samples, consistent with
the hydrogen chemisorption results (Table 1). Therefore,
the coordinative unsaturation of the surface metal atoms
in the Pt/Y-zeolite samples relative to the Pt/L-zeolite sam-
ples is not simply due to a particle size effect (since the
3.67 wt% Pt/L-zeolite samples are significantly smaller than
the 5.5 wt% Pt/BaKL and the Pt/Y-zeolite samples), but in-
stead due to a particle morphology effect, suggesting that
the zeolite structure influences the specific morphology of

the metal particles formed. A unique morphology effect
was earlier observed in the XAFS analysis of palladium
supported on K L-zeolite prepared in a similar manner
(35), where the absence/near absence of the second coor-
dination shell and the high Pd-O contributions suggested
the formation of raft-like particles within the zeolite lat-
tice. While for the Pt/L-zeolite samples, the morphology of
the metal particles formed was different from that formed
for the Pd/L-zeolite samples (since the second coordination
shell was clearly present), a similar effect can be expected
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FIG. 3. Deactivation profiles for n-hexane conversion over the dif-
ferent catalysts. A, Pt/BaKL-(5.5 wt%); O, PUKL-(3.67 wt%); B, Pt/KL-
(3.67 wt%, BE); O, Pt/KY-(3.67 wt%); @, Pt/KY-(3.67 wt%, BE).

where the zeolite lattice structure directs the formation of
metal particles of a specific morphology.

Deactivation of the Catalysts Samples during Reaction

The deactivation of the catalyst samples during reaction
is shown in Fig. 3a. It is observed that under these reaction
conditions all of the catalysts samples deactivate, with the
extent of deactivation ranging between 50% of initial ac-
tivity for the P/KY-(3.67 wt%) sample and 30% of initial
activity for the Pt/KY-(3.67 wt%, BE) sample. This deacti-
vation can be attributed to coking. From Figs. 4a—g (but not
4h) it can be seen that the selectivity to products remains
almost unchanged after an initial transition period. This is
consistent with there being two different mechanisms of
deactivation. The initial transient period corresponds to a
buildup of carbon atoms on the surface of the metal par-
ticles, which may be due to the low hydrogen partial pres-
sure used in this study (0.16 atm) and which can have both
an electronic and a geometric (ensemble) effect on prod-
uct selectivities. In the latter period (after ~100 min TOS),
the product selectivities remain almost unchanged with fur-
ther deactivation, suggesting that this deactivation is caused
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by pore blockage. From Fig. 3a, it is observed that back-
exchange of the Brgnsted acidity results in considerably
less deactivation caused by the latter mechanism of catalyst
deactivation. Ostgard ef al. (41) observed that Pt/L-zeolite
samples prepared by impregnation deactivated less than
Pt/L-zeolite samples prepared by ion-exchange (containing
residual Brginsted acidity) during n-hexane conversion over
these catalysts. These results suggest that the latter deacti-
vation process requires the presence of Brgnsted acidity.
Lermner et al. (42) observed that for n-hexane conversion
over Pt/Na-Mordenite and Pt/H-Mordenite catalysts, the
coke formed on the Pt/Na-Mor sample was about one-third
of that formed on the Pt/H-Mor sample and could be oxi-
dized at lower temperatures in a subsequent temperature-
programmed oxidation (TPO) study. They proposed that
the coke associated with the acid sites leads to pore block-
age (42), in agreement with our own observations.

The selectivity to hexenes increases with increasing TOS
(Fig. 4h). However, as seen in Fig. 5, the hexenes/n-hexane
ratio remains almost constant over the different catalysts.
This suggests that under these reaction conditions, n-hexane
dehydrogenation to hexenes is the only reaction which pro-
ceeds to thermodynamic equilibrium, while the remaining
reactions are all kinetically controlled. As seen in Figs. 4e—f,
the selectivity to 2MP, 3MP, and MCP remains almost un-
changed with deactivation after the initial transient period.
For these metal loadings, the Brgnsted acidity is expected to
be uniformly distributed throughout the zeolite channels,
e.g., the 3.67 and 5.5 wt% Pt loadings in L-zeolite corres-
pond to 1.8 and 2.7 protons per unit cell. Since it appears un-
likely that the blockage of acid sites uniformly distributed
along the zeolite channels will proceed at the same rate as
the blockage of the metal particles (which are more dis-
cretely located), this indicates that the Brgnsted acid sites
generated in the ion-exchange procedure are catalytically
inert under these reaction conditions. A similar conclusion
was formed by Paal and co-workers for a Pt/NaY catalyst
prepared by ion-exchange based on the analysis of the frag-
mentation products (12).

Electronic Effects and Effects of Particle Morphology
on Catalyst Activity and Selectivity

The benzene selectivities for the different catalysts were
observed to correlate with the electronic density of the
metal particles, as measured by the CO stretching frequen-
cies (Fig. 7). It was observed that the Pt/Y-zeolite sam-
ples have a higher activity and selectivity to benzene than
the Pt/I-zeolite samples (Figs. 3a and 4g). This has also
been observed by Paal and co-workers (12). The opposite
trend was observed in the studies by Bernard (1) and Lane
et al. (43). An explanation for this difference may lie in
the method used to prepare the catalysts. Our samples, and
those of Paal and coworkers (10, 12), were prepared by
ion-exchange, while those used in the other studies were



184

FIG. 4. Selectivity (wt%) to products vs time-on-stream (TOS). A, Pt/BaKL-(5.5 wt%); [, PUKL-(3.67 wt%); B, Pt/KL-(3.67 wt%, BE);

o

selectivity, wt%

O

selectivity, wt%

e

selectivity, wi%

selectivity, wt%

MENACHERRY AND HALLER

C3
008 ._#__.____l————.———1r——~‘L———'
0.06
003 -
000 . . r
0 100 200 300
TOS. min.
C5
009
0.06 4
003
000 . r r
0 100 200 300
TOS, min.
2MP
060
At # £ A —A
040_Er///Ja,_——E}———%&————E}——-qa————a
020
000 ' ; '
0 100 200 300
TOS, min.
Benzene
060
020_.\-.———._“—I———'———'———I
A—b &
0.00 , N =
0 100 200 300

TOS min

b.

selectivity, wt%

e

selectivity, wi%

selectivity, wi%

selectivity, wi%

C4
0.09
0.06
0.03 -
®
—A
0.00 T T T
0 100 200 300
TOS. min.
MCP
0.30 4
0.20 4 = - = -
010.EL‘“*3-——f%——43———+}———§k-:j¥
A & Ar & o A
0.00 T r .
0 100 200 300
TOS., min.
amMp
020 4
0.10 4
= - u L
0.00
0 100 200 300
TOS, min.
hexenes
0.09
0
006
i 5
= 8 8
0.03 -
0.00 . r .
0 100 200 300
TOS. min.

O, PUKY-(3.67 wt%); @, Pt/KY-(3.67 wt%, BE). Note: In Figs. 4¢ and 4f, O and @ are overlapped.




n-HEXANE CONVERSION

185

0.03
OC, a " - ° o o
S 0.02 1 = A X N A .
Q A =]
<
o s [
— ® .
3 = L I N n 5
= o g ° [}
% s .
I L]
<  0.01 1
O L T 1
0 100 200 300
TOS, min.

FIG. 5.
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prepared by impregnation (1, 43). It has been previously
observed that these techniques give rise to different metal
dispersions (41). For L-zeolite it was observed that impreg-
nation of the metal precursor gives smaller metal parti-
cles compared to ion-exchange (41). This suggests an ef-
fect of the morphology of the metal particles formed. The
observed lower activity of the Pt/L-zeolite samples com-
pared to the Pt/Y-zeolite samples can also be due to a
transport effect, because of slower diffusion of reactants
(and products) in the unidimensional channels of L-zeolite.
Since an increased residence time of the products in the
zeolite channels can be expected to lead to increased sec-
ondary reactions, we checked the extent of secondary hy-
drogenolysis of 2MP and 3MP in the product stream for
the different samples. Hydrogenolysis of 2MP and 3MP has
been previously observed to predominantly form isobu-
tane and isopentane (44, 45). Therefore, the ratio of the
sum of isobutane and isopentane to the sum of isobutane,
isopentane, 2MP and 3MP was taken as a measure of the
extent of secondary reactions. The Pt/BaKL-(5.5 wt%) and
Pt/KL-(3.67 wt%) samples had secondary hydrogenolysis
conversions (i.e., (ib +ip)/(ib + ip + 2MP + 3MP)) of ~1%,
the Pt/KL-(3.67 wt%, BE) had conversions of ~4%, and the
Pt/KY-(3.67 wt%) and P/KY-(3.67 wt%, BE) had conver-
sions of ~4 and 3%, respectively. Although no clear picture
emerges from this comparison, one interesting observation
is that for Pt/L-zeolite, back-exchange with K™ increases

Ratio of hexenes ton-hexane in product stream vs time-on-stream (TOS). A, Pt/BaKL-(5.5 wt % ); [1, Pt/KL-(3.67 wt% ); B, Pt/KL-(3.67 wt %,

the extent of secondary hydrogenolysis, while this effect is
not observed for the Pt/Y-zeolite samples (where, in fact,
less secondary hydrogenolysis is observed for the PUKY
back-exchanged sample), suggesting that n-hexane conver-
sion over the Pt/L-zeolite samples may be transport limited
under these reaction conditions. This explanation is also
consistent with the observation that the back-exchange of
protons with K leads to an increase in catalytic activity for
the Pt/Y-zeolite samples (i.e., due to an electronic effect),
but to a decrease in catalytic activity for the Pt/L-zeolite
samples (i.e., due to a transport effect) and that the ob-
served TOF for Pt/KY-(3.67 wt%, BE) is an order of mag-
nitude greater than for the back-exchanged Pt/KL sample
(see Fig. 3b). However, as can be seen from Fig. 4g, the ben-
zene selectivity correlates with increasing electron density
of the surface metal atoms (as indicated by the CO infrared
stretching frequency), demonstrating that the selectivity is
less affected by transport effects. ,

In previous studies, the propensity for terminal hy-
drogenolysis has been correlated with an increase in ben-
zene selectivity (2, 4). From Figs. 4g and 6c, it is seen that
the Pt/Y-zeolite samples which have the highest benzene
selectivity also have the highest propensity for terminal
hydrogenolysis. But an interesting observation is that
the Pt/BaKL-(5.5 wt%), Pt/KL-(3.67 wt%), and P/KL-
(3.67 wt%, BE) samples all have the same propensity for
terminal hydrogenolysis (even though Pt/KL-(3.67 wt%,
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BE) has a much higher benzene selectivity than the other
two catalysts). As noted earlier, the Pt/BaKL-(5.5 wt%)
and the Pt/KL-(3.67 wt%) samples have very similar CO
absorption bands, suggesting that the CO adsorption sites
are similar over these catalysts. Also, from the XAFS (33),
the particle morphologies for the 3.67 wt% Pt/KL-zeolite
samples (IE and BE) are the same. This indicates that the
propensity for terminal hydrogenolysis is primarily deter-
mined by the morphology of the metal particles and the
surface sites exposed for adsorption of the reactants.

Moretti and Sachtler (46) have proposed that the ratio of
MCP ring opening products (i.e., the ratio of 2MP to 3MP)
is related to a geometric effect. However, in the present
study, the samples that display a higher electron density on
the surface metal atoms (i.e., the Pt/KL-BE, the Pt/KY, and
the Pt/KY-BE samples) had a 2MP to 3MP ratio close to the
statistically expected value of 2, while the more electron
deficient metal particles (the 5.5 wt% Pt/BaKL and the
3.67 wt% Pt/KL samples) had 2MP/3MP ratio of about 1.65.
This suggests that the higher 2MP/3MP ratios correlate with
an increased electron density of the metal particles. A sim-
ilar conclusion was reached by Clarke et al. (47), who pro-
posed that the high 2MP/3MP ratios (~3) observed over
platinum supported on magnesia was due to a shift of neg-
ative charge from the magnesia O% ions to the platinum.
The results of Moretti and Sachtler (46) are consistent also
with this interpretation, as the lower 2MP/3MP ratios were
observed over much larger metal particles.

Paal (13, 14) has suggested that the ratio of MCP to iso-
mer products is a measure of the abundance of surface hy-
drogen under reaction conditions, with less hydrogen fa-
voring more of the MCP product. From Figs. 4g and 6a,
it can be seen that the higher the benzene selectivity, the
higher is the MCP/(MCP + MP) ratio. The benzene selec-
tivity decreases in the initial period of deactivation, prob-
ably due to an ensemble effect of the deposition of car-
bon atoms, while the MCP/(MCP + MP) ratio increases in
this period, indicating surface hydrogen depletion. A com-
parison of the CO infrared results with benzene selectivity
(Fig. 7) shows that the more electron rich the metal surface
sites appeared, the higher was the benzene selectivity (and
the MCP/(MCP + MP) ratio). This is consistent with pre-
vious studies of n-hexane conversion over monofunctional
platinum catalysts (1, 11, 41). However, we would like to
emphasize that this electronic effect can be caused either
by a metal-support type interaction involving charge trans-
fer between the metal particles and the support, or it can
be related to the specific morphologies of the metal par-
ticles formed on different supports and on using different
preparation methods. Therefore, the effect of the support
in the high activity and aromatization selectivity of a mono-
functional platinum catalyst for n-hexane conversion can be
twofold, i.e., the stabilization of extremely small metal par-
ticles of specific morphology under reaction conditions and
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metal-supportinteraction resulting in an increased electron
density over the metal particles.

CONCLUSIONS

n-Hexane conversion over zeolite-supported platinum
catalysts has been studied at 360°C in a packed bed re-
actor. The observed activity and selectivity for n-hexane
conversion over these catalysts is seen to be affected by
factors such as the morphology of the metal particles, elec-
tronic perturbation of the metal particles and the transport
of reactants and products within the zeolite channels. In the
absence of sulfur impurities, the deactivation appears to be
due to two types of coking. Initially, the effect of the depo-
sition of carbon atoms on the surface of the metal particles
can be observed, and further, deactivation is caused by pore
blockage. The propensity for terminal hydrogenolysis is pri-
marily determined by the particle morphology, i.e. the type
of surface sites exposed. The increase in benzene selectiv-
ity correlates with a shift to lower stretching frequencies
of the CO absorption bands, indicating that an increase in
the electron density at the surface metal atoms results in
higher benzene selectivity. This increase in electron den-
sity can be caused either by a metal-support interaction
involving charge transfer between the metal particles and
the support, or as a result of the particle morphology, de-
pending on the coordination of the surface metal atoms.
The effect of the support in the high activity and aromati-
zation selectivity of a monofunctional platinum catalyst for
n-hexane conversion can be twofold, i.e., the stabilization
of extremely small metal particles of specific morphology
under reaction conditions and metal-support interaction
resulting in an increased electron density over the metal
particles.
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